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ABSTRACT
Coking has deleterious effects on solid-oxide fuel cells, internal combustion engines and
the petrochemical industry. An understanding of the chemistry that leads to coking is ac-
complished by developing and validating robust chemical kinetic mechanisms. The approach
for this study was to experimentally study alkane pyrolysis in a newly designed variable
pressure flow reactor that is capable of reaching temperature of 1373 K at 1.0 MPa and 1073
K at 4.0 MPa. Ethane, n-pentane, n-hexane and n-heptane were studied over a temperature
range of 923 - 1073 K, a pressure range of 0.1 - 4.0 MPa and residence times ranging from
20 ms - 40 seconds. For all alkanes tested an increase in pressure led to longer times for
fuel conversion and an increase in the production of C+3 olefins, alkanes and aromatics. The
increase in pressure also inhibited the production of ethylene, acetylene, propadiene and 1,3
butadiene. Ethane pyrolysis was the most sensitive to pressure. The experimental data
was compared to several chemical kinetic mechanisms to assess the validity of the models.
Additionally the mechanisms were used to carry out a sensitivity and rate of production
analysis to identify the dominant chemistry. The analysis of the reaction pathways signaled
that much of the pressure dependence observed was due to ethyl. At 2 MPa bimolecular
reactions involving ethyl became more dominant; the unimolecular decomposition of ethyl
was inhibited, which led to a reduction in H-atoms. The experimental data helped to identify
the regimes at which aromatics form for alkane pyrolysis. With this knowledge it is possible
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The industrial revolution greatly accelerated the use of fossil fuels. The understanding
that these resources will not last forever is what drives the need to use them efficiently. Before
a design for an oxidation or pyrolysis system using fossil fuels is implemented, a good design
should first be optimized within a set of parameters. The hydrocarbon processing system
could be anything from a petrochemical plant producing light olefins from heavy alkanes, to
the complex fuel processing taking place within hypersonic aircraft. In one instance yield may
be the primary concern and in the other, the performance of the fuel under harsh conditions,
where pressures and temperatures are extremely elevated may be the parameter that the
design engineer wishes to optimize. To design systems in this fashion, it is necessary to have
accurate modeling tools at the disposal of the designer. Through the use of computational
tools the design engineer could identify the optimum design parameters, as long as those
computational tools produce realistic results. A fundamental piece of modeling oxidation
and pyrolysis processes is the ability to accurately simulate the key chemical reactions;
this is where a validated chemical kinetic mechanism using experimental data is essential.
Many hydrocarbon processes take place at elevated pressures and temperatures, for example
diesel combustion within internal combustion engines and combustion within the ramjet of
a supersonic aircraft.
The goal of this work is to understand the role that pressure and temperature has on the
pyrolysis of straight chained saturated hydrocarbons and to understand how pressure and
temperature affects the products that lead to coke deposits; for example acetylene, ethylene,
1,3 butadiene, benzene and toluene. The investigation of the pyrolysis kinetics was carried
out experimentally using a newly designed high pressure and high temperature flow reactor.
The experimental data was compared to several existing chemical kinetic mechanisms in order
1
to assess whether or not the models captured the experimental trends. The experimental
data along with the models were used to investigate the chemical pathways that govern
alkane pyrolysis and the pathways that lead to molecular weight growth. Studying alkanes is
important in understanding real fuel behavior because alkanes are often used as surrogates for
real fuels. For example n-heptane and iso-octane are blended together to form the Primary
Reference Fuels to determine the Octane number of gasoline [1–4]. The experiments that
have been carried out were conducted in a high pressure flow reactor designed and built by
the Bogin research group. The reactor was designed to have a wide range of capabilities.
Using a fused quartz tube as the reactor, the system can operate up to 1373 K at a pressure
up to 1.0 MPa. With a SilcoKleanTM treated stainless steel tube the system can operate
at pressure up to 5.0 MPa and at temperatures up to 1073 K. The main reactor section is
designed to accommodate reactors of different materials and diameters. The variable pressure
flow reactor is capable of investigating chemical kinetics of both gaseous and liquid fuels.
Analysis for the effluent is conducted with a GC-FID that can detect a range hydrocarbon
species depending on the analysis column. A GC-TCD that is capable of detecting methane,
hydrogen and nitrogen has also been setup and in addition to quantifying these species it
was used to conduct a carbon and hydrogen balance analysis using nitrogen. The fuels
investigated were ethane, n-pentane, n-hexane and n-heptane; the thermal breakdown of
these fuels was carried out over 0.1-2 MPa at 1073 K for ethane, 0.1-2 MPa from 923-1073
K for n-hexane and 0.1-1 MPa at 1073 K for n-heptane. These conditions and fuels are
relevant to the petrochemical industry, solid-oxide fuel cells, internal engine combustion
and hypersonic flight. Experiments were also done for n-pentane from 0.1-3.8 MPa and
from 923-1073 K, these experiments were extended into the supercritical regime in order to
investigate if there was any effect on the product distribution at supercritical conditions.
Through experiments and modeling, insight was gained into the behavior of the pyrolysis
products for all fuels. For ethane pyrolysis the experiments showed that ethane conversion
was slower at 1 and 2 MPa, additionally all products were affected by pressure. At elevated
2
pressure the fuel conversion is also slower for n-pentane, n-hexane and n-heptane; however
the pressure sensitivity was not as strong for the products of these alkanes. For n-pentane,
n-hexane and n-heptane pyrolysis products hydrogen, ethylene and ethane displayed the
greatest sensitivity to pressure effects. Other species, like acetylene and 1,3 butadiene also
showed pressure dependence but it is believed that they are a result of the changes in
hydrogen, ethane and ethylene caused by the effect of pressure.
1.1 Thermodynamics and Chemical Kinetics
For gas phase hydrocarbon chemical kinetics there are two processes that are of primary
concern, they are oxidation and pyrolysis. Combustion is oxidation of a fuel and is a highly
exothermic process. Pyrolysis on the other hand is largely an endothermic process. The
enthalpic behavior of a fuel process is determined by thermodynamics. The rates at which
reactions proceed are governed by the chemical kinetics.
Consider the following diagram in Figure 1.1. Assume there are a certain set of reactants,
call them A and B and these species form the products C and D. The equation to describe
this reaction is given by R(1.1).
Figure 1.1: Potential diagram for endothermic and exothermic reactions [5]
aA+ bB ↔ cC + dD (1.1)
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The potential energy diagram of the reaction highlights the difference in enthalpy between
the reactants and products; it also shows that the maximum point on the plot is the activation
energy required for a reaction to take place. Where the products lie relative to the reactants
is what determines whether the reaction is endothermic or exothermic and the total heat
release or absorption. The heat release or absorption is controlled by thermodynamics. The
thermodynamics is only concerned with particular states it says nothing of the speed at
which reactions will proceed. This is where expressions for chemical kinetics are required to
describe the rates at which reactions proceed. In its simplest form the rate expression has
a rate coefficient that is dependent on temperature and that rate coefficient is multiplied
by the concentration of the reactants raised to their stoichiometric coefficients. Take the
reaction presented earlier as an example, with reactants A and B, the forward and reverse





Where k is the rate coefficient, T is the temperature, the terms in the brackets are
concentrations and the exponents are the stoichiometric coefficients. When both reactions
are occurring at the same rate then the system is in equilibrium.
Ratefwd = Raterev (1.4)








Where the terms in brackets are concentrations at equilibrium and the exponents are
their stoichiometric coefficients. Eq.(1.5) is key to relating the forward k+ and reverse rate
coefficients k−. Knowing the rate coefficient in one direction and the equilibrium constant
makes it possible to solve for the rate coefficient in the other direction. The equilibrium






















Where ∆G, ∆H, ∆S, T, Cp, R and an are the change in gibbs energy, change in enthalpy,
change in entropy, temperature, specific heat capacity, universal gas constant and the curve
fit coefficients for specific heat capacity, respectively.
Thermodynamic data is acquired from thermodynamic databases such as the NIST web-
book [7]. When data is not available it must be generated from fundamental principles. For
example THERM, a computer code which estimates thermodynamic properties for species
important in combustion uses group additivity and other parameters to generate heats of
formation, entropy and specific heats [8].
The rate coefficients used in the rate equations are derived from empirical data as well
as fundamental principles. The rate coefficient can be defined using the modified Arrhenius
equation, Eq.(1.11) .
k = νT be−Ea/kBT (1.11)
Where ν is the pre-exponential or frequency factor, T is the temperature in K, Ea is the
activation energy in cal/gmol, kB is the Boltzmann constant and b is used to describe the
temperature dependence on the frequency factor. The activation energy is the minimum
amount of energy that must be input in order to result in a reaction, as was highlighted in
Figure 1.1.
Similarly to the thermodynamics, the parameters necessary to describe the chemical
kinetics are sometimes found in data bases and other times they need to be generated.
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Collision theory helps to explain how reactions occur; it states that every collision that has
sufficient energy to surmount the energy barrier will lead to reaction. This provides an upper
limit for the pre exponential or frequency factor. In reality these collisions do not always lead




Where k+1 is the forward rate constant and k−1 is the reverse rate constant. This reaction
proceeds through a two-step process where a strong collision with a bath gas molecule leads
to the reactants becoming energized, R(1.13). The next step is that the energized species





AB∗ →k2 A+B (1.14)
Reactants proceeding through a transition state is why some rate coefficients have a
pressure dependence. In the low pressure limit the rate coefficient is linearly dependent on
the pressure, R(1.15) and the forward rate in R(1.13) is seen as the rate limiting step.
k0 = k+1[M ] (1.15)
In the high pressure limit the rate constant is independent of pressure, R(1.16).
k∞ = k+1k2/k−1 (1.16)
There exists a region where the pressure dependence is not linear; this fall-off region is
highlighted in Figure 1.2 [9]. In addition to the rate constant having a pressure dependence
the overall reaction rate also shows sensitivity to pressure depending on the type of reaction.
Most reactions can be classified as either unimolecular, bimolecular or termolecular. Uni-
molecular reactions involve a single species undergoing either decomposition or isomerization,
R(1.17) and R(1.18), respectively.
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Figure 1.2: Potential energy diagram for endothermic and exothermic reactions [9]
A → B (1.17)
A → B + C (1.18)
Bimolecular reactions involve two molecules reacting to produce two different molecules,
R(1.19), or recombining to form a single molecule, the reverse of R(1.18).
A+B → C +D (1.19)
Termolecular reactions involve three species, an example is shown in R(1.20)
A+B +M → C +M (1.20)
At higher pressures the rate of termolecular reactions is proportional to pressure cubed;
bimolecular reactions are proportional to pressure squared and unimolecular reactions scale
with pressure. So at higher pressures the bimolecular and termolecular reactions become
increasingly more dominant. In practice the derivation of rate constants is much more
complex than was outlined in this section; a true analysis of the derivation of rate constants
from fundamental principles is beyond the scope of this work, to the interested reader a
rigorous derivation is given in [9].
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1.2 Apparatus used to Experimentally Investigate Chemical Kinetics
There are several apparatus that are used to study the chemical kinetics of fuels, these
devices include shock tubes, rapid compression machines, well-stirred reactors and plug flow
reactors. These devices can be used to study ignition delay times, species-time histories
and deriving elementary reaction rate coefficients. In addition to assisting in deriving rate
coefficients, the experimental data generated by the apparatus can also validate chemical
kinetic mechanisms.
1.2.1 Shock Tubes
Shock tubes are a valuable tools used to study the chemical kinetics of fuels. A shock tube
in its most basic form is a long tube that has closed ends and is separated by a diaphragm.
The diaphragm divides the shock tube into two sections. In one section the test gas mixture
is placed, this is usually a low pressure section. The high pressure section is on the other
side of the diaphragm. The shock wave is created by bursting the diaphragm. Equations
for conservation of mass, momentum and energy along with specific equations of state for
the test gas and the speed of the shock wave allow for the calculation of temperature and
pressure of the moving test gas behind the shock wave.
Hanson [11] describes the behavior of the shockwave as nearly 1 dimensional and this
makes it possible to determine the uncertainty in temperature and pressure to within ±1%.
Shock tubes can operate over a wide range of temperatures 600-3000 K and can reach pres-
sures as high as 1000 atm. Shock tube experiments typically operate at residence times less
than 10 ms [11], which makes them ideal for ignition delay experiments, initial species-time
history measurement and elementary reaction rate coefficient measurements [12–14]. Rate
coefficients can be derived from shock tube species-time history because the observed species
time-history is highly sensitive to a single rate coefficient [11]. Shock tubes are impressive
pieces of equipment but they are not without their drawbacks. Fast residence times make it
difficult to study high levels of fuel conversion for pyrolysis. Additionally most shock tubes
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Figure 1.3: High Purity Photolysis Shock Tube Facility, Hanson Group, Stanford [10]
are not continuous devices and each data point usually requires a new diaphragm. There
are groups such Tranters [15] that have recently replaced the diaphragm with a fast-acting
valve and have been able to achieve repetition rates of 4 Hz at pressures up to 10.0 MPa
and residence times on the order of 100 µs . Even with this fast acting valve, variations in
residence time are not so easily achieved. In order to adjust the test time the driver and
driven section need to be changed out to provide a different configuration. This is not so
easily accomplished given the standard foot print of shock tube as shown in the shock tube
facility in Figure 1.3.
1.3 Rapid compression machines
Rapid compression machines like the one shown in Figure 1.4 are another tool that can be
utilized to study chemical kinetics. These devices are used to simulate the single stroke of an
internal combustion engine and to investigate oxidation. Rapid compression machines can
operate over residence time ranges from 10 - 100 ms, this range makes them ideally suited to
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measure ignition delay times as a function of temperature, pressure, equivalence ratio and
dilution. Additionally the concentrations of the reactants, intermediates and products can
be quantified in this apparatus, which help to derive and validate rate coefficients. Rapid
compression machines typically operate in the temperature range of 600-1100K and work by
first introducing a combustible mixture into a reaction chamber. The volume of the reaction
chamber is then compressed using a piston in a nearly adiabatic process to a final volume
[16–18].
Figure 1.4: Rapid compression machine, Engines and Energy Conversion Lab, CSU Fort
Collins [19]
1.3.1 Jet-stirred reactor
Jet stirred reactors are continuously stirred devices that are used to study gas phase
characteristics of low temperature pyrolysis and combustion, which includes the study of the
underlying chemical kinetics [20]. The effects of pressure, temperature, inlet composition and
residence time on the kinetics can be investigated with these devices. The jet stirred reactor
operates by introducing the reactants into the reactor utilizing nozzles to deliver fluids via
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turbulent jets. The turbulent jets create a nearly homogenous composition. Figure 1.5 shows
a jet stirred reactor, here there are four nozzles in the center of the quartz reactor [21].
Figure 1.5: Jet-stirred reactor, Rwthaachen University [21]
The walls of the reactor are generally made from fused silica or Pyrex. The model for
this system assumes that the temperature, pressure and inlet composition are constant.
Additionally it is assumed that the system is at steady state and the gas composition is
uniform [22]. The residence time for this system is given by Eq. 1.21.
τ = V/Q (1.21)
Where τ is the space time, Q is the volumetric gas flow rate of the gas and V is the
volume of the reactor [23].
1.3.2 Flow reactors
Another method that is used to study reacting flows and the corresponding kinetics is by
employing a flow reactor. Most kinetic modeling that is done involving flow reactors assumes
a plug flow condition. This assumption assumes that there are no species, temperature or
velocity gradients in the radial direction. It is assumed that these variables only vary in
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the axial direction; additionally it is assumed that there are no wall reactions. With this
assumption it possible to simplify the mass, momentum, energy and species conservation
equations that govern the behavior of the reacting flow.
There are assumptions that can be applied to the conservation equations to simplify
them and make them less computationally intensive and render them to a level where they
are actually solvable. In addition to the conservation equations, supplementary equations
are required to describe the physical properties of the system. These equations include
the equation of state, equations for transport properties, thermodynamic properties and
chemical reaction rates. In order to obtain a solution the following parameters are treated as
known quantities; the mass flow rate, thermal conductivity as a function of temperature and
the heat flux as a function of axial position. These assumptions simplify the conservation


























Where Yi, vx, P, Per, and h represent the individual species mole fraction, velocity in the
axial direction, the pressure, the perimeter and the enthalpy respectively. Q̇” is the heat
flux and ρ is the density. The reaction rates are embedded in the ω̇i term. In plug flow
reactors it is usually desired to strive for isothermal and isobaric conditions to simplify the
governing equations even further. These simplifications are what allow for the relatively
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computationally less intensive analysis of the underlying chemical kinetics governing the
reactive flow [22]. A schematic of the plug flow assumption is given in Figure 1.6.
Figure 1.6: Plug flow assumption. No concentration, temperature, pressure or velocity




This section will focus on reviewing what has been accomplished on the subject of alkane
pyrolysis from methane to n-heptane. The goal of this analysis is to identify any missing
knowledge gaps that would be useful in advancing the scientific communities understanding
of alkane pyrolysis. How do pressure, temperature and level of parent fuel conversion affect
the chemical kinetics? An undertaking in the study of alkane pyrolysis should begin with a
review with the simplest alkane, methane.
2.1 Methane pyrolysis
The study of the pyrolysis of methane is important for many applications, namely for
the production of hydrogen. Methane also has the potential to be utilized in aeronautical
and space cooling applications [25, 26]. The temperature at which methane pyrolysis ex-
periments are carried out is generally higher compared to longer chain alkanes, due to the
C-H bond strength [27]. Additionally the tetrahedral geometry of the methane molecule
gives it additional stability, which provides the bonds extra strength. Methane has the
strongest C-H bond of any alkanes, for example it takes about 105 kcal/mol to break the
C-H bond in methane, in contrast it takes 101 kcal to break a C-H bond in ethane [28].
Many researchers have studied methane pyrolysis in order to gain an understanding into this
process. Chen et al. [29] conducted experiments in a quartz tube at atmospheric pressure
and under 4 different temperatures, 995, 1038, 1068 and 1103 K. The measured products
for these experiments were hydrogen, ethylene, acetylene and propylene. Chen proposed the
following mechanism to explain the experimental trends, where hydrogen and ethane were
the first species detected followed by the delayed production of ethylene, then acetylene and
propylene.
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The thermal decomposition of methane begins with the following initiation steps, R(2.1)
- R(2.3).
CH4 → CH3 +H (2.1)
CH4 +H → CH3 +H2 (2.2)
2CH3 ↔ C2H6 (2.3)
The secondary reactions lead to the formation of larger species, R(2.4) - R(2.5).
C2H6 ↔ C2H5 + CH4 (2.4)
C2H5 → C2H4 +H (2.5)
And the tertiary reactions lead to coke deposit precursors [30]
CH3 + C2H4 → C2H3 + CH4 (2.6)
C2H3 → C2H2 +H (2.7)
CH3 + C2H4 ↔ n− C3H7 (2.8)
n-C3H7 → C3H6 +H (2.9)
This mechanism was enough to describe the initial pyrolysis behavior but it was observed
that at higher levels of methane conversion ethane yield increased dramatically, this behavior
was not properly predicted by Chen et al. [30].
Dean [31] was able to deduce that this behavior could be explained by three possible
pathways:
1. Diers-Alder reaction (olefins + dienes)
2. Ion-molecule reactions with very large rate constants
3. Radical addition to unsaturates
By including a large number of reactions and utilizing forward rate constants along with
thermodynamic equilibrium constants to predict reverse rate constants it was possible to
explain the dramatic increase in ethane that in turn led to rapid molecular weight growth.
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The chemical kinetic mechanism used by Dean [31] initially consisted of 438 reactions with
122 species. With the application of a sensitivity analysis it was possible to reduce the
mechanism to 44 reactions with just 25 species. Additionally through sensitivity analysis
it was possible to improve the mechanism further by adjusting only three rate constants.
A sensitivity analysis looks at the sensitivity coefficients, which describe how sensitive a
particular species is to changes in the rate coefficient of a specific reaction. Through a
sensitivity analysis it is possible to identify the most dominant reactions. R(2.1) and R(2.2)
existed in the Chen [30] mechanism. R(2.10) on the other hand was not included in the
Chen [30] mechanism.
1,3 cyclopentadiene + CH3 ↔ cyclopentadienyl + CH4 (2.10)
Some of the flaws with this model were the under prediction of acetylene and the over
prediction of propylene. In 2003 Matheu et al. [32] invoked the use of more accurate ther-
mochemical data for cyclopentadienyl. With the use of this new thermodynamic data, the
autocatalytic behavior caused by cyclopentadienyl disappeared. Matheu et al. [32] found
that the autocatalytic effect observed in methane pyrolysis came from reverse disproportion-
ation reactions involving propyne, allene and fulvene. For the mechanism used in Matheu
et al.[32] any missing rate constants were generated using a mechanism generator that com-
puted the rate constants as a function temperature and pressure, the result of this led to
the use and implementation of pressure dependent rate constants in a systematic manner.
Billaud et.al. [33] performed methane pyrolysis experiments at 1263 K, at atmospheric tem-
perature and over a residence time range of 0.5-6.0 seconds. Through a sensitivity analysis
the authors found that the production of butadiene is strongly dependent on R(2.11).
C2H3 + C2H4 ↔ C4H6 +H (2.11)
Methane pyrolysis led to the formation of heavier species as was outlined in this section.
The derivation of the rate constants involving the heavier species can be applied to larger
alkanes undergoing the same chemistry.
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2.1.1 Ethane pyrolysis
There has been extensive work carried out on ethane pyrolysis over the last several
decades. The reason for this is that ethane is the simplest alkane to contain a C-C bond;
this makes it an ideal model for higher alkanes. Much work has been done at low levels
of conversion and this is done to derive rate constants for the initiation reactions [34–37].
Low conversion is necessary <1% is necessary in order to get species-time histories that are
then used to derive specific rate coefficients [11]; for example the work Kiefer et al. [34]
studied thermal dissociation of ethane in shock tubes. These experiments were conducted
from 1400-2200 K and 0.9 - 760 kPa. Laser-schlieren and UV absorption of CH3 were used
as diagnostic tools in order to develop accurate rate rules for the initiation reaction, where
ethane disassociates into methyl radicals, R(2.12).
C2H6 → 2CH3 (2.12)
It is important to understand the initiation reactions in order to develop accurate models
for ethane pyrolysis but in order to understand molecular weight growth it is necessary to
go to higher levels of conversion. At longer residence times where conversion is higher there
is significantly more benzene formed. Take the experiments of Glasier and Pacey [38], these
experiments were conducted at 1173 K, 6.7-53 kPa and a residence time ranging from 0.3-21
s, in these experiments there was a significant amount of coking at higher levels of ethane
conversion, corresponding to residence time greater than 6 s. It was observed that soot
production was proportional to benzene and acetylene concentration. At higher levels of
conversion >98% there was no mechanism which could adequately describe the experiments
of Glasier and Pacey [38]. Matheu et al. [39] developed a kinetic model that was based on
elementary steps. The resultant model adequately described the ethane conversion observed
in the Glasier and Pacey [38] data, as well as the methane, ethylene and hydrogen concen-
trations but it substantially under predicted benzene concentrations and over predicted 1,3
butadiene concentrations. Xu et al. [40] also pushed ethane to high levels of conversion.
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Conversion was achieved by varying temperature from 873-1073 K, at 88 kPa and a resi-
dence time of approximately 5 seconds. For these ethane experiments the mole fraction of
ethane ranged from 1.8% to about 87.4% over the range of experiments. For the Xu et al.
[40] experiments there was a consistent carbon and hydrogen balance across the range of














Where C is the carbon count, ntot is the total number of moles, yc is the mole fraction of
the species and nc is the number of carbons in the molecule. The products measured were
hydrogen, methane, ethylene, propylene, propane other C3 species, butene, butadiene, other
C4 species and species up to C10, the results of these experiements are shown in Figure 2.1.
One of the goals of these experiments was to characterize the molecular weight growth of the
products as conversion was increased. The major molecular weight growth products were
propylene and butadiene. Hydrogen and ethylene concentrations are closely related and for
the conditions tested are the largest species. Behind those two species, methane follows as
the next species in the most abundant concentration.
Xu et al. [40] also compared the experimental data to two separate chemical kinetic
mechanisms. After the modeling a sensitivity analysis of the mechanism was used to de-
termine the dominant reactions in the system as well as to gain insight into the speciation.
The pyrolysis of ethane begins with the thermal decomposition of ethane into methyl R.1
in Table 2.1, these methyl abstract hydrogen from ethane to form ethyl and methane R.2.
Ethyl can also thermally decompose and this decomposition leads to H-atoms and ethylene,
R.3. The sensitivity analysis revealed that this is the reaction that is the most dominant
in the production of ethylene and H-atoms and what likely leads to the equal production of
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Figure 2.1: Concentrations of ethane, hydrogen, ethylene and methane for ethane pyrolysis
Xu et al. [40]. Ethane diluted in 50% nitrogen dilution at 89.2 kPa and a residence time of
5 s
hydrogen and ethylene observed in the Xu et al. [40] experiments. The H-atoms go on to
abstract from ethane to make more ethyl, R.4 that feed back to R.3 and propagate the chain
reaction which is largely responsible for the decomposition of ethane. R.3 and R.4 were found
to dominate at lower temperature and atmospheric pressure. As the temperature increases
and conversion progresses, hydrogen abstractions by methyl become increasingly important.
Also for these experiments at the elevated temperatures methyl can hydrogen abstract from
hydrogen molecules, R.5. Aromatics benzene and toluene increase at higher conversion but
overall the average molecular weight is constantly decreasing because ethane is being primar-
ily converted to lighter hydrocarbons ethylene, hydrogen and methane. It is difficult to make
higher alkanes through thermal decomposition because as the chains get longer the molecule
becomes more reactive than their smaller counterparts, with the exception of aromatics.
Many fuel processes take place at higher pressures for example combustion within en-
gines and turbines, therefore chemical kinetic models should also be able to run at elevated
pressures. Naik and Dean [41] extended a previously developed chemical kinetic model to in-
clude the impacts caused by higher pressures. Experiments for pressures up to 98.6 MPa [37]
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Table 2.1: Important reactions for ethane pyrolysis
Reaction
R.1 C2H6 ↔ CH3 + CH3
R.2 C2H6 ↔ C2H5 + CH4
R.3 C2H5(+M) ↔ C2H4(+M) +H
R.4 C2H6 +H ↔ C2H5 +H2
R.5 CH3 +H2 ↔ CH4 +H
R.6 C2H3(+M) ↔ C2H2 +H(+M)
were used to validate the updated mechanism. The improvement was done to a mechanism
that had been validated up to 1 MPa. The high pressure pyrolysis data that was used to
generate the mechanism came from shock tube experiments. The adjusted mechanism fit the
experimental data very well. A rate analysis showed that even at elevated pressures ethane
is primarily consumed by R.4, ethylene is primarily formed by R.3 and acetylene primarily
comes form the dissociation of vinyl radicals, R.6. High pressure data at higher levels of
conversion is needed in order to investigate if the mechanisms can capture the evolution of
molecular weight products at elevated pressure.
2.1.2 Propane pyrolysis
Propane is an important transportation fuel, that has seen widespread use in warehouses
using forklifts and is being increasingly implemented into buses [42]. Additionally propane is
important in the commercial production of ethylene and propylene [43]. In order to be able
to generate effective combustion mechanisms for propane a sub-mechanism that describes
the pyrolytic behavior is required. Layokun and Slater [43] studied propane pyrolysis at 973
and 1023 K at high conversion. The experiments were run up to 3 seconds and the main
products observed were methane, ethylene, propylene, hydrogen and ethane. Layokun and
Slater [43] stated that the pyrolysis of propane could be viewed in two stages. The first
stage is composed of primary reactions, R(2.15) - R(2.19), where reactants are decomposed
through radical chain mechanisms into primary products H2, CH4 and C2H4.
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Initiation
CCC ↔ C2H5 + CH3 (2.15)
Chain branching
CCC + CH3 ↔ CCC.+ CH4 (2.16)
C2H5 ↔ C2H4 +H (2.17)
CCC +H ↔ CCC.+H2 (2.18)
CCC. ↔ C∗CC +H (2.19)
The next stage consisted of secondary reactions that could be separated into three types:
1. Pyrolysis of olefins produced from the primary reactions
2. Hydrogenation and dehydrogenation reactions where alkanes, dienes and alkynes are
produced from olefins
3. Condensation reactions where smaller molecules combine to form large stable molecules
such as cyclodiolefins and aromatics
The second stage can only proceed when the reactions in the first stage have produced
sufficient concentrations to initiate the secondary reactions. The secondary reactions are
inherently slower than the fast hydrogen abstraction reactions that take place in the first
stage. For these experiments methane appears in highest concentrations at all levels followed
by ethylene, propylene, hydrogen and ethane.
This behavior is highlighted in Figure 2.2, that was taken from Layokun and Slater [43],
where propane was diluted with nitrogen and fed to a flow reactor that was heated to 973
and 1023 K at 0.1 MPa. It is important to note that although the thermal decomposition is
taking place at different rates the evolution of the products maintain very similar trends.
Eckart and Albright [44] extended the temperature to 1073 K and used steam as diluent.
As can be seen in Figure 2.3 the product distribution is very similar to the experiments of
Layokun and Slater [43].
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Figure 2.2: Propane pyrolysis left 1023 K, right 973 K, mol percent vs residence time [43]
Figure 2.3: Propane pyrolysis 1073 K at 1 atm [44]
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Al Shoaibi [45] also studied propane pyrolysis. In these experiments the residence time
was approximately 5 seconds, at a pressure 0.88 atm and from 848- 1023 K. For these
experiments the main products were ethylene, hydrogen and methane in equal parts up
to approximately 660◦C at which point methane takes over as the largest species, at this
point ethylene production begins to taper off and hydrogen significantly drops off, as does
propylene. For propane pyrolysis the main product of molecular weight at lower temperatures
was found to be 1-butene the results of these experiments are highlighted in Figure 2.4. It
should be noted that the distribution of the major species is very similar to the other propane
studies presented in this section. There exists a void in the data for for propane pyrolysis
at elevated pressure and this is primarily due to the upper pressure limit at which you can
deliver propane as a gaseous reactant.
Figure 2.4: Propane pyrolysis τ= 5 sec, P = 0.88 atm, 50% nitrogen dilution [45]
2.2 n-Butane pyrolysis
Similarly to ethane and propane, the pyrolysis of n-butane is important in the commercial
production of light olefins [46]. Sandler et al. [47] carried out butane pyrolysis experiments
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in a Vycor glass tubular reactor and over a temperature range from 853-1123 K at atmo-
spheric pressure. Figure 2.5 summarizes the results of the experiments, similar to other
alkane experiments presented earlier, methane is the dominant species followed by ethylene,
propylene, hydrogen and then ethane.
Figure 2.5: Product selectivity for n-butane pyrolysis, 853-1123 K at atmospheric pressure
[47]
Al Shoaibi [45] also studied n-butane pyrolysis and observed similar results to Sandler
et al. [47] methane is the species produced in highest concentrations, followed by ethylene,
propylene, hydrogen and ethane. These experiments were done at a residence time of 5
seconds and a pressure of 0.88 atm. Conversion was accomplished by increasing the temper-
ature, the results of these experiments are shown in Figure 2.6. Al Shoaibi [45] outlines the
the reaction pathway for butane decomposition.
The decomposition of n-butane begins with the decomposition reactions, R(2.20) and
R(2.21).
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Figure 2.6: n-Butane pyrolysis products τ = 5 sec, P = 0.88 atm [45]
CCCC ↔ CCC.+ CH3 (2.20)
CCCC ↔ C2H5 + C2H5 (2.21)
The propyl and ethyl species further decompose to generate additional radicals, R(2.22)
and R(2.23).
CCC. ↔ C2H5 + CH3 (2.22)
C2H5(+M) ↔ C2H4(+M) +H (2.23)
The generated H-atoms and methyl abstract hydrogen from n-butane, leading to butyl
that decompose to form propylene and additional radical species, R(2.24)-R(2.26).
CCCC +H ↔ CCC.C +H2 (2.24)
CCCC + CH3 ↔ CCC.C + CH4 (2.25)
CCC.C ↔ C=CC + CH3 (2.26)
The reactions presented in Al Shoaibi [45] explain the decomposition pathways for n-
butane as well as the reaction pathways that lead to the formation of the major products.
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2.2.1 n-Pentane pyrolysis
Through a literature review it was found that the data on n-pentane pyrolysis is relatively
sparse. There are groups who have studied n-pentane oxidation; for example Westbrook et
al. [48] studied n-pentane oxidation in a well stirred reactor over a temperature range of 1068
- 1253 K and at atmospheric pressure. Westbrook et al. [48] utilized a reaction mechanism
with 53 chemical species and 326 elementary reactions for comparison with experiments. In
this reaction mechanism it was found that the main decomposition pathways of n-pentane
came from OH, H and O hydrogen abstractions, H-atoms carrying out hydrogen abstractions
are also reactions that occur under pyrolysis. The reason the group chose to study n-pentane
was because at the time of the paper most experiments were focused on studying smaller
molecules like methane and methanol. Westbrook et al. [48] goes on to explain that practical
combustion devices such as furnaces, internal combustion engines and gas turbines use larger
complex fuels, therefore the behavior of larger alkanes should be ascertained. There has been
work done on n-pentane pyrolysis and unlike the other researchers who were concerned with
eliminating coke deposits Liu et al. [49] studied pyrolytic coke deposits from n-pentane
pyrolysis catalyzed with Fe(CO)5 to understand the carbonaceous products formed. Liu et
al. [49] found that by varying the temperature profile, the residence time and the Fe(CO)5
content different carbonaceous deposits could be formed including graphite film, carbon
nanotubes and carbon nanoballs.
2.2.2 n-Hexane pyrolysis
Randolph et al. [50] studied n-hexane pyrolysis, this fuel was selected because it was small
enough to develop a hand-built mechanism but large enough that its pyrolytic behavior still
captures some of the complexity observed in practical fuels.
Under the conditions tested there was little data available. These experiments were
conducted at residence times of 5 seconds, a temperature range from 823-948 K and at at-
mospheric pressure. For these experiments the species that appear in highest concentrations
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were ethylene followed by methane, propylene, ethane and then hydrogen. A mechanism
which was previously used for ethane pyrolysis was expanded to include hexane chemistry.
The model developed for the analysis did a fair job of predicting the experimental trends as
is highlighted in Figure 2.7.
Figure 2.7: n-Hexane pyrolysis products at atmospheric pressure and 823-948 K [50]
Al Shoaibi [45] also studied n-hexane pyrolysis, the results of these experiments are
presented in Figure 2.8. The results are very similar to those presented in [50], with the
exception that the Al Shoaibi experimental data carbon balance was within ± 1% and the
Randolph [50] experiments had a carbon balance that was with ± 10%
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Figure 2.8: n-Hexane pyrolysis products at atmospheric pressure and 823-948 K[50]
2.2.3 n-Heptane pyrolysis
There are several groups that have studied the pyrolysis of n-heptane [51–57]. The
primary need to understand n-heptane pyrolysis comes from the demand for ethylene and
propylene. n-Heptane could be used as feedstock to produce these light olefins. Additionally
a fundamental understanding of n-heptane pyrolysis could provide useful data for the devel-
opment of endothermic fuel crackers that could be used in hypersonic flight to cool critical
components. Also since n-heptane blended with iso-octane is often used as a surrogate for
modeling real fuels, it is important to understand the pyrolytic gas phase behavior in order
to design a proper pyrolysis sub-mechanism for modeling combustion of real fuels.
Pant and Kunzru [53] investigated n-heptane pyrolysis over a temperature range from
953-1023 K and at atmospheric pressure with steam as a diluent in a flow reactor. The
results of the experiments are summarized in Figure 2.9, Figure 2.10 and Figure 2.11. For
these experiments the major products were methane, ethylene, propylene, and 1-butene.
The minor products for these experiments were 1,3 butadiene, ethane, propane, n-butane,
3-methylbutene, 1-pentene, 1-hexene and benzene at higher levels of conversion. For all
conditions the main species produced was ethylene, this group observed ethylene taper off
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Figure 2.9: n-Heptane conversion as a function of residence time at various temperatures
and atmopheric pressure [53]
at higher levels of conversion as well as propylene, 1,3 butadiene, 1-butene, 1-pentene and
1-hexene. These experiments were carried out in a stainless steel tubular reactor with three
heated zones.
Chakraborty and Kunzru [51] investigated n-heptane pyrolysis over a temperature range
of 793-953 K and a pressure range of 0.1 -2.93 MPa.
The main products produced for these sets of experiments were methane, ethylene,
ethane, propylene, 1-butene, 1-pentene and 1-hexene. As pressure increased the selectiv-
ity of hydrogen, methane, ethylene and propylene decreased and those of propane, n-butane
and 1-butene increased. Experiments were carried out in a tubular reactor. The effluent
was cooled to 263 K and liquid products were collected for separate analysis. The operating
temperature is in the limit at which most stainless steel precipitate out some of the car-
bon in the alloy, so surface effects may have affected these experiments. Experiments were
conducted over a residence time from 0.2 -14.8 s.
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Figure 2.10: Selectivity of major products for n-heptane pyrolysis as a function of conversion
[53]
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Figure 2.11: Selectivity of minor products for n-heptane pyrolysis as a function of conversion
[53]
The temperature of the reactor in this system was determined by using thermocouples
placed on the outer wall of the reactor and the inside temperature was computed using these
temperature readings. In Figure 2.12 it should be noted that the residence times are not over
the same range and this is due to the experiments at different pressures being carried out in
different temperature regimes. The experiments may have been carried out in this manner
due to experimental limitations. Davidson et al. [52] studied the methyl concentration time
histories during n-heptane pyrolysis. The group used a shock tube facility to generate the
data. It was deduced that n-heptane decomposition during pyrolysis is initiated by reactions
2.27-2.29, reactions where a C-C bond is broken and alkyl radicals are generated.
n-C7H16 → C6H13 − 1 + CH3 (2.27)
n-C7H16 → C5H11 − 1 + C2H5 (2.28)
n-C7H16 → p-C4H9 + n-C3H7 (2.29)
The larger C2+ alkyl radicals readily undergo fast decomposition Reaction 2.30
alkyl → olefin + alkyl or H (2.30)
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Figure 2.12: Variation of conversion with space time at different pressures. a.) 0.1 MPa, b.)
0.79 MPa and c.) 2.93 MPa for n-heptane pyrolysis [51]
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2.2.4 Summary of C2-C7 alkane pyrolysis literature
As was highlighted in this section there has been much work on the subject of alkane
pyrolysis the majority of the work has been conducted at or near atmospheric pressure. A
general trend was observed for these alkanes and pyrolysis appears to proceed in a sequential
order.
1. Initiation reaction yields alkyl radicals
2. Alkyl radicals abstract hydrogen from the parent fuel generating additional alkyl rad-
icals
3. Decomposition of alkyl radicals leads to the production of olefins and additional alkyl
or hydrogen radicals
Through the literature review it was highlighted that there is a need to characterize the
pyrolytic behavior of alkanes at elevated pressures. Ethane has been characterized at low
pressure and high conversion. Through shock tubes the pyrolytic behavior of ethane was
analyzed to determine the initiation reactions. For ethane pyrolysis the formation of PAHs
occurred at higher levels of conversion. In order to understand the molecular weight growth
associated with ethane pyrolysis at elevated pressure the analysis should extend to higher
levels of ethane conversion. Propane and n-butane have been characterized at low pressure;
experiments in a flow reactor would be difficult to conduct at elevated pressure due to the
upper limit on the pressure at which you could deliver propane and n-butane as gaseous
reactants. n-Pentane is the smallest alkane that is liquid at ambient conditions. n-Pentane
could also be compressed and delivered at very high pressure making it possible to extend
the study of alkanes into supercritical regimes. There is also a need to characterize n-hexane
at elevated pressure since the data is sparse. There is data for n-heptane pyrolysis at low
and high pressure conditions but the researchers characterizing n-heptane pyrolysis failed to
account for the production of hydrogen. The literature review shows that for alkane pyrolysis
33
hydrogen is a major product so proper characterization of n-heptane pyrolysis should include




For this study the overall goal was to understand how pressure affects the thermal de-
composition of alkanes, the formation of the major products and species that lead to coke
formation. Based on the need to extend residence times to longer than 50 ms, a flow reactor
was well suited for this purpose. A reactor was designed and built with the overall goal
of being able to study both liquid and gaseous fuels over a wide range of residence times,
temperature and pressure. The CSM variable pressure flow reactor was designed over three
phases and each iteration added more versatility to the reactor.
3.1 Phase I: Initial variable pressure flow reactor design
A large portion of the initial variable pressure flow reactor system was acquired from the
RES group out of Boulder, CO. The system consisted of a large set of high pressure piping
ASME rated to 2.0 MPa, the entire assembly is shown in Figure 3.1.
Figure 3.1: Original CSM flow reactor donated by RES
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The RES group had the capabilities outlined in Table 3.1, the initial setup had the
ability to process both gaseous and liquid hydrocarbons. For Phase I the goal was to bring
the system online and to be able to investigate gas-phase kinetics using gaseous fuels. Also
outlined in Table 3.1 are the capabilities after the redesign.
Table 3.1: Comparison of RES system to CSM Phase I
RES CSM Phase I
Residence time (s) 0.1 - 3 0.03− 30
Temperature (K) 300-1000 300-1373
Pressure (MPa) 0.1-1.2 0.1-1.2
Hydrocarbon C1 − C18 C1 − C4
Reactor heating No Yes
Both the RES and CSM systems are composed of several pieces. The RES system shown
in Figure 3.1 was able to achieve high pressure by delivering high pressure nitrogen to the
vessel. The nitrogen was heated utilizing honeycomb heaters Figure 3.2, the heated nitrogen
was then diverted to the mixer. The mixer is where the fuel, nitrogen and oxygen are mixed
a schematic of this mixer is shown in Figure 3.3.
Figure 3.2: Honeycomb heater provided main source of heat for RES reactor
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Figure 3.3: Top: CAD Mixer. Bottom: Cutaway of mixer showing plug flow condition
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Some of the limitations for the RES system were that there was no active heating provided
to the main reactor section and that the system required vast amounts of nitrogen to keep
the system running. For this first phase a main design goal was to have a closed system that
was designed in a modular fashion.
3.1.1 Pre-heating system
Jeff Croxall [58] designed the pre-heater system to be able to get to steady state quickly
and to be completely sealed off, unlike the RES system where the honeycomb heaters are
at the same pressure as the outer piping. The pre-heat section consisted of a sealed heater
portion that was capable of handling pressure up to 1.2 MPa and had a heating capability of
12 kW. This was accomplished by using a set of tubular heaters (Sylvania, 0388257) in series
as shown in Figure 3.4. The pre-heater section was designed to heat an inert gas that was
subsequently used to either vaporize liquid fuel or preheat gaseous fuel in the mixer section.
Figure 3.4: Top: single tubular heater. Bottom: pre-heaters in series inside pressure vessel
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The pre-heaters are controlled using a PID controller (Athena), shown in Figure 3.5 with
feedback from a set of K-type thermocouples. One thermocouple was for control and the
other was to set off the high temperature limit shutoff switch in order to prevent thermal
runaway. The initial runs with these heaters showed that they were very efficient for the
initial flow rates tested, which ranged from 4 - 31 SLPM of nitrogen.
Figure 3.5: PID controller for preheat, Athena
3.1.2 Adapter to pre-heaters to mixer
From the pre-heaters the heated nitrogen entered a mixing tee. The pre-heaters have
NPT fittings that were mated to the mixing tee; this mixing area is where gaseous or liquid
fuel is delivered as seen in Figure 3.6. From the mixing tee another set of piping is fitted to a
custom built flange that was made to fit over the original RES mixer. From the main mixer
it was necessary to couple the system to a quartz tube that would serve as the main reactor
section. The RES system equilibrated the reactor pressure with the pressure of the outer
piping making it possible to seal the reactor with relatively simple seals. For this phase a
design goal was to be able to seal the quartz to the mixer at pressure up to 1.2 MPa.
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Figure 3.6: Mixing tee and piping to preheaters and mixer
3.1.3 Fabrication of custom quartz to metal adapters
The quartz reactor had an OD of 2.54 cm and had an overall length of 120 cm, a set of
seals was designed and built to couple the quartz reactor the existing mixer. The final design
for these seals consisted of a set of modified ultra-torr fittings (SS-2-UT-1-2). The O-rings
in the original seals were made from Viton which had an operating temperature around 473
K. These seals were swapped with O-rings made from Kalrez (9568K19, McMaster-Carr) to
raise the operating temperature of the quartz to metal seals to 573 K. To couple the ultra-torr
fittings to the assembly an adapter had to be fabricated and is shown in Figure 3.7.
A quartz to metal adapter was also designed for the downstream section and is shown
in Figure 3.8, also shown is the pressure testing of the seals. The ultra- torr seals provided
sealing in the radial direction; in order to provide a complete sealing solution tensioned rods
were added in order to seal the system axially. The system was pressure tested using a
pressure transducer (PXM309, Omega) to 1.2 MPa.
To protect the O-rings from extreme heat, cooling jackets that used chilled water at 287
K were added and are shown in Figure 3.9. The entire quartz sealing assembly was designed
and manufactured in house.
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Figure 3.7: Custom quartz to metal adapter
Figure 3.8: Pressure testing adapters up to 1.2 MPa
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Figure 3.9: Left: Upstream adapter with cooling jacket. Right: Downstream adapter with
cooling jacket.
3.1.4 Sampling probe
In Phase I the reactor was designed with a translating probe that was able change the
effective length of the flow reactor. This probe is shown in Figure 3.10 and Figure 3.11. The
probe has the ability to measure the temperature at the point where the sample is taken.
The probe was built to have a water cooled jacked to quench the sample. Samples were
collected at the backend of the probe by connecting a syringe.
Figure 3.10: Water-cooled sampling probe connected to reactor assembly
42
Figure 3.11: Water-cooled sampling probe connected to reactor assembly
3.1.5 Reactor heater assembly
The heat for the main reactor section consisted of an array of heaters.The heaters were
designed by Jeffrey Croxall [58] and Zircar Ceramics, Zircar Ceramics manufactured the
heaters. The heaters are capable of process temperatures up to 1373 K. The main reactor
heater assembly consists of four separate heater sections that use a Fe-Cr-Al alloy resistance
wire embedded in high temperature refractory fiber. This array of heaters consists of three 1.2
kW heaters that are 30.48 cm in length and one 600 W heater that is 15.24 cm in length. This
heating package makes for very effective heating over a wide range of conditions. The 4.2 kW
heater assembly was controlled using 4 separate PID controllers(Omega, CNI-CB240-K-EI
and CNI-CB120SB-K-EI) and using Nextel insulated K-type thermocouples as the feedback
to the controllers. Each controller is equipped with an upper temperature limit shut off
switch in order to prevent thermal runaway. A schematic of the heater array is included in
Figure 3.12 and the full reactor assembly is shown in Figure 3.13.
3.1.6 Monitoring and control
The flow of reactants into the system was controlled using mass flow controllers (Teledyne-
Hastings, HFC-203 and Alicat Scientific, MC-5SLPM-D/5M), with maximum flow capacity
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Figure 3.12: Main reactor heat provided by 4 independently controlled fiber insulated
heaters, Zircar
of 200 SLPM and 5 SLPM, respectively. The mass flow controllers have an uncertainty of ±
1% of the full scale. These controllers required an input voltage for control and produce an
output voltage that is proportional to the flow. The voltages for these mass flow controllers
were read and controlled over analog input and output modules (NI-9215 and NI-9203). The
input module (NI-9215) was also used to read the pressure coming from a pressure trans-
ducer (PXM309, Omega) that produced a voltage that was proportional to the pressure. All
temperatures in the system were measured using K-type thermocouples and were read in
to LabVIEW using an analog thermocouple module (NI-9211).The modules interfaced with
a PC through a real time control system (NI cRIO-9076).The real time control system (NI
cRIO-9076) was interfaced over LabVIEW software, with this software it was possible to
control the mass flow controllers and monitor the temperature and pressure in the system.
3.1.7 Hydrocarbon speciation
After collecting a sample with the syringe the sample was then fed to a gas chromatograph
with a flame ionization detector (FID) equipped to measure hydrocarbon species from C1-
C7. Hydrocarbon speciation was performed using an Agilent 6890 GC equipped with a
split/splitless injector and FID. An eight-port heated VICI Valco gas-sampling valve was
plumbed into the GC between the injection port outlet and FID detector. The purpose of
the valve was to ensure reproducible volumetric gas injections via a fixed volume sample
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Figure 3.13: Full reactor assembly for Phase I inside piping and piping inside pressure vessel
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loop, and to back-flush the GC column in-between runs. The valve was heated slightly
to ensure analyte condensation would not occur. Gas sample loops allow for precise gas
injections, as long as the pressure is repeatable. For this analysis, the sample was pre-diluted
before being loaded into the sample loop, and always allowed to come to ambient pressure
before injection into the GC. Back-flushing this chromatography column for this analysis
is necessary as high molecular weight hydrocarbons, if present, would collect at the front
of the column and perhaps never elute. These compounds could build up over time and
reduce the separation efficiency of the column. The column used for separation was a Restek
RT-AluminaBond/Na2SO4 (30m x 0.32mm x 5um Cat #19757-6850), chosen because of its
ability to separate methane at room temperature. During this first design phase the GC-FID
was able to identify individual species by running cal gas, Refinery Gas Standard #2 (DCG
Partnership I, LTD) and by running individual species through the GC-FID. Species that
were identified by individual samples were cyclopentane, cyclopentene, cyclopentadiene, 1,3
cyclohexadiene, 1,4 cyclohexadiene, benzene and toluene, these species were obtained from
Sigma Aldrich. Figure 3.14 shows the peaks for the individual species identified.
3.1.8 Initial testing
Initial testing of the reactor successfully reached gas temperatures of 1373 K. During this
phase of testing it was observed that the temperature profiles were not uniform across all
conditions for specific set points. The discrepancy from the set point increased as the mass
flow rate was increased. This behavior is highlighted in Figure 3.15, it can be seen that at
the higher flow rates it takes longer for the heaters to bring the reactants to temperature. In
order to achieve a more uniform temperature profile the reactor diameter was reduced from
2.54 to 1.72 cm, this reduced the flow rate necessary to achieve a wide range of residence
times and to achieve a more uniform temperature profile. The effect of the change on the
temperature profiles is shown in Figure 3.16.
The first pyrolysis experiments were conducted using 4% ethane diluted in nitrogen. Ex-
periments were done at temperatures from 973-1073 K, a pressure of 0.3 MPa and residence
46
Figure 3.14: GC-FID signals for hydrocarbons from C1 - C7
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Figure 3.15: Temperature profiles at 4, 20 and 31 SLPM for nitrogen at 923 K
Figure 3.16: Temperature profiles at 1023 K and 0.3 MPa over a range of volumetric flow
rates of 0.1 - 5 SLPM for N2
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Figure 3.17: Major product distribution for ethane pyrolysis at 973, 1023 and 1073 K at 0.3
MPa
time of approximately 250 ms, which corresponded to a volumetric flow rate of about 20
SLPM. Figure 3.17 shows the results of these experiments. In this set of experiments it
was observed that the major products of ethane pyrolysis were methane and ethylene. The
concentrations of these species increased with increasing temperature along with the con-
centration of acetylene, propane and butane. This data was analyzed without having the
GC-FID calibrated so the data is relative not absolute. It was expected that benzene would
be picked up at these conditions but it was not detected. It is believed that the temperature
of the product stream dropped below the temperature at which heavier species condense out.
For subsequent runs the cooling water recirculating in the sampling probe was throttled to
maintain an exhaust temperature above 393 K.
3.2 Phase II: Design of liquid injection system
Phase II of the design involved expanding the reactor capabilities to deliver liquid fuels
to the system. The previous design by RES used a vaporizer that was filled with glass beads,
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the vaporizer vessel was heated on the surface and fuel was injected into a heated carrier gas
where it was vaporized and diverted to the reactor. In order to minimize the possibility of
fuel distillation when using multi-component fuels, the system that was envisioned for the
delivery of the fuel to the flow reactor was to use a nozzle to first atomize the liquid fuel.
The atomization would in turn make it easy for hot gases to vaporize the fine droplets. To
test this concept a low pressure fuel delivery system capable of reaching pressure up to 0.6
MPa was designed and built. The upper pressure limit was based on the upper limit of the
fuel pump (Walbro, GSL394).
Figure 3.18 shows the atomizing nozzle running water plus nitrogen and helps illustrate
the operation of nozzle. The atomization shown in Figure 3.18 is not representative of
the actual atomization. In operation the atomizing nozzle delivers liquids coaxially and
atomization is promoted by introducing heated nitrogen in to the flow through the center
of the nozzle, this means that vaporization is further enhanced because of the heated gases.
An additional adapter was manufactured in order to test the nozzle. The adapter consisted
of a cone with a connection for the nozzle and a connection for heated nitrogen that would
assist in the vaporization of liquid fuels, the adapter is presented in Figure 3.19.
Also used for fuel delivery was a fuel tank, connecting lines, fuel pressure regulator,
fuel pump and a flow meter; with these components it was possible to pump, regulate the
pressure, meter and atomize the fuel, the full setup is shown in Figure 3.20.
During Phase II the GC-FID was also calibrated using the cal gas from the previous
phase, Refinery Gas Standard #2 (DCG Partnership I, LTD), was diluted with nitrogen at
various concentrations and the different concentrations were used to quantify the species at
various levels of concentrations, the results of the calibration are shown in Figure 3.21. As
was mentioned in Phase I there were several species that were not included in the calibration
gas, for these species the calibration factor was based on trends observed in the calibration of
the known species as shown in Figure 3.22, with this information it was possible to quantify
species like benzene and toluene.
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Figure 3.18: Left: atomizing nozzle running water. Right: atomizing nozzle running water
plus nitrogen
Figure 3.19: Top: CAD drawing of liquid fuel nozzle adapter. Bottom: Actual fuel nozzle
adapter.
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Figure 3.20: Low pressure liquid fuel delivery system testing
Figure 3.21: GC-FID response signal for concentration of 10,000 PPM for various hydrocar-
bons
52
Figure 3.22: GC-FID response signal for concentration of 10,000 PPM vs number of hydro-
carbons
Initial liquid fuel pyrolysis experiments utilized n-pentane as the parent fuel. For the
first set of experiments the fuel was diluted in 95% nitrogen, the residence time ranged from
approximately 0.25 - 30 s, at a temperature of 923 K and a pressure of 0.5 MPa. It was
observed that n-pentane decomposes at significantly faster rates than ethane. For these
experiments, active exhaust cooling was removed in order to maintain the lines heated and
above 473 K to keep heavier species in the gas phase. The results of the first n-pentane
experiments are summarized in Figure 3.23, the figure highlights some of the major trends
of n-pentane pyrolysis. At the conditions tested the major products were methane, ethane,
ethylene, propylene and 1-butene, with the greatest species produced being methane and
ethane. The olefins ethylene, propylene and 1-butene reach a maximum and then decrease in
concentration. Aromatic soot precursors like benzene and toluene do not appear until higher
levels of conversion, they ramp up in production at the same point where the majority olefins
reach a maximum. This point occurs around a conversion level of approximately 80%.
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Figure 3.23: Results of initial n-pentane experiments at 923 K, 0.5 MPa and 0.25-30 s
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3.3 Phase III: Design of system with a a pressure limit up to 4 MPa
For Phase III of the project the goal was to operate at higher pressure up to 4 MPa. In or-
der to regulate the pressure in the reactor, a back pressure regulator (Swagelok, KPB1L0A412)
was installed to increase the reactor pressure. The quartz reactor in the previous phases had
an upper limit of 1.2 MPa, to obtain higher pressures the reactor was replaced with an
Inconel 600 reactor. The tubing was coated with an inert coating to minimize surface ef-
fects. The coating is chemical vapor-deposited amorphous silicon layer. Inert silicon coatings
deposited on stainless steels have been shown to have superb surface inertness comparable
to glass lined steel [35, 59, 60]. Two of the manufacturers (McMaster-Carr and Grainger)
offering Inconel 600 listed its operating temperature as having an upper limit of 923 K. This
information is contradictory to material data sheets for Inconel 600 which lists its upper
limit at 1373 K. Due to information gathered from the vendors the first set of experiments
with the Inconel tubing were maintained below 923 K.
For this phase the previous pre-heater design was modified for a design that could ac-
commodate higher pressures. It was difficult to find an off the shelf solution so various pre-
heaters were designed. The first system consisted a 2 kW Inconel tubular heater (Omega,
CIR-3086/240V), like the one pictured in Figure 3.24, this design worked moderately well
but required that some medium come in contact with the heaters in order to transfer the
heat. For safety reasons this medium could only be an inert fluid. The final pre-heater
design consisted of a 2.54 cm OD x 30.5 cm length 321 stainless steel tube with a wire heater
wrapped around it. This new design made it possible to directly pre-heat the nitrogen +
fuel mixture, the setup is shown in Figure 3.25.
The fuel delivery system also required modification during this phase since the fuel de-
livery system in Phase II had an upper limit of 0.6 MPa. A HPLC pump (Series II, Lab
Alliance) was utilized for this purpose. The pump was capable of pressures up to 41.4 MPa
at 10 mL/min with an uncertainty of ± 2%. The mass flow controllers were also upgraded,
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Figure 3.24: CAD of custom tubular Inconel pre-heater system
Figure 3.25: Pre-heater with band heater setup
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in order to be able to deliver gases over a wider range of flow rates at higher pressures, the
mass flow controllers (Bronkhorst, F-201-AV-50K) had a flow range from 0-50 SLPM for
nitrogen with an uncertainty of ±1% of the full range. The nozzle was also changed to a
misting nozzle (mistcooling.com, Super Fine 10/24 Thread Nozzles) with a coaxial flow used
to flash vaporize the fuel, the nozzle had an orifice size of 51 µm . A visualization of the
new setup is shown in Figure 3.26.
Figure 3.26: Visualization of misting nozzle with coaxial flow
Also added to the system during Phase III were tape heaters on any exposed piping at the
exhaust to prevent the condensation of the species on the walls of the tubing (HTWC101-012,
Omega), these modifications are shown in Figure 3.27, the heaters were rated at 864 W and
were used to maintain exhaust temperatures above 473 K. With this setup it was possible
to reach an upper pressure limit of up to 4 MPa.
n-Pentane experiments were conducted at 923 K over a residence time from 2-30 s at
0.5, 3.0 and 3.8 MPa with no dilution in the reactor section. The effluent was diluted
prior to being to delivered to the GC-FID. The results of these experiments are summarized
in Figure 3.28. Similar to the experiments presented in Phase II the major products of
n-pentane pyrolysis at these conditions are methane, ethane, ethylene and propylene. The
species that is greatest affected by pressure are ethylene and 1,3 butadiene. Benzene and
toluene production ramps at conversion levels above 80%, this is also the point where the
olefins, propylene and ethylene reach a maximum.
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Figure 3.27: Tape heater on exhaust lines
Initial testing of the Inconel reactor found that above the 923 K limit; the reactor lost
its coating, developed nickel oxides and became susceptible to coking.
It was desired to go to higher temperatures to investigate the chemistry differences in
different temperature regimes. In order to attain these higher temperatures it was necessary
to change the reactor material from Inconel to 321 stainless steel. 321 stainless steel was
chosen because unlike other stainless steels which precipitate carbon around 923 K, the
titanium additive in 321 SS makes it stable at temperatures a little above 1080 K.
Also added in Phase III was a GC-TCD that was capable of detecting hydrogen, methane,
oxygen and nitrogen. The GC-TCD was an Agilent 6890 GC equipped with a split/splitless
injector and TCD. The column used for the TCD was a Restek Molecular Sieve 5A Porous
Layer Open Tubular Capillary Column. A process flow schematic of the variable pressure
flow reactor is included in Figure 3.29.
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Figure 3.28: Product distribution of major species for n-pentane pyrolysis at 923 K and at
0.5, 3.0 and 3.8 MPa
59
Figure 3.29: Final process flow schematic for the variable pressure flow reactor
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3.4 Comparison of high pressure flow reactors
Table 3.2 presents a comparison of various high pressure flow reactors at various institu-
tions. These reactors are all utilized to study fuel chemistry; they assist in the analysis of
chemical kinetics by assessing the validity of chemical kinetic mechanisms.
Table 3.2: Comparison of high pressure flow reactors
Institution Reactor Material Pressure limit Temperature limit
Princeton [61] Quartz 2.0 MPa 1200 K
Drexel [62] Quartz 2.0 MPa 850 K
Penn State [63] Stainless steel 3.0 MPa 800 K
Stanford [64] Quartz 2.5 MPa 1300 K
DTU [65] Quartz 10.0 MPa 923 K




The purpose of the modeling was to gage how well existing chemical kinetic mechanisms
captured the experimental data. Chemical kinetic mechanisms facilitate the modeling of
complex chemically reacting systems; the mechanisms can consists of hundreds of species
and reactions. The chemical kinetic mechanisms contain values for activation energy Ea,
frequency factor A and an exponential factor b for each reaction. These values along with the
universal gas constant R and temperature T formulate the rate coefficient in the Arrhenius
form shown in Eq. 4.1.






In addition to the mechanism, a thermodynamic file is also included; this file contains all
pertinent thermodynamic data for the species in the mechanism. Depending on the type of
modeling, the transport properties for the species may also be required. The system in this
study was modeled as a plug flow reactor. The plug flow model assumes that axial diffusion is
negligible and that there exists no gradients of any kind in the radial direction. At residence
times greater than about 75 ms the calculated Reynolds numbers (<2300) extend into the
laminar regime. This presents opportunities for wall shear and a non-uniform velocity profile.
At residence time faster than 75 ms the turbulent profile approaches the plug flow condition
Figure 4.1.
Figure 4.1: (a.) Laminar velocity profile. (b.) Turbulent velocity profile
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To analyze the effect of the parabolic profile on the product distribution, the cylindrical
shear model was compared to the plug flow model in CHEMKIN-PRO Release 15131 [66]
using the Lawrence Livermore National Laboratory reduced n-heptane mechanism [67–69].
Using the plug flow model the following inputs are required.
• Chemical kinetic file
• Thermodynamic file
• Reactor dimensions (length and inner diameter)
• Absolute pressure
• Mass flow rate
• Inlet composition
• Bulk gas temperature profile
Ethane, pentane and hexane were used to compare the performance of the plug flow and
cylindrical shear models, the reactor temperature was set to a constant temperature of 1073
K and the reactor length was specified as having an overall length of 96.5 cm with an inner
diameter of 1.09 cm for ethane and 0.386 cm for both n-pentane and hexane. Figure 4.2
presents the results of the ethane analysis. At the faster residence time the difference between
the models is off by as much as 8%, for this case the plug flow model should still be valid
since the flow does not fully develop until beyond the length of the flow reactor.
For n-pentane and n-hexane the results between the two models is much better across
all conditions as shown in Figure 4.3 and Figure 4.4. For n-pentane the difference between
the models at the maximum is 5%. Figure 4.3 and Figure 4.4 shows that even though the
models vary slightly on level on conversion, the product distribution for the major species is
very similar.
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Figure 4.2: Comparison of cylindrical shear model to the plug flow model for ethane pyrolysis
at 0.1 MPa, 1073K with 95% dilution. At 0.01 g/s (τ ≈ 4.1s), at 0.06 g/s (τ ≈ 694ms) and
at 0.6 g/s (τ ≈ 71ms)
Figure 4.3: Comparing the parabolic to the plug flow model for pentane pyrolyis at 0.1
MPa and 1073 K using the LLNL n-heptane reduced mechanism running neat pentane at a
residence time of about 170 ms
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Figure 4.4: Comparing the parabolic to the plug flow model for hexane pyrolyis at 0.1
MPa and 1073 K using the LLNL n-heptane reduced mechanism running neat pentane at a
residence time of about 150 ms
For the cylindrical shear model the species concentrations were averaged in the radial
direction and the results yielded very similar to the results produced by the plug flow model,
these results are consistent with the findings of other researchers [55, 70, 71]. For the ethane,
n-pentane and n-hexane experiments an analysis found that mass flow in the system due to
bulk transport was several orders of magnitude larger than mass flow due to axial diffusion.
For these reasons the plug flow model was found to be suitable for modeling the chemistry
occurring in the variable pressure flow reactor.
Throughout this paper residence time will be shown, the residence time is calculated in
the CHEMKIN-PRO software. Figure 4.5 shows a plot of temperature profile and residence
time vs axial position, this plot shows the region where residence time is calculated. Only
the hot temperature region is considered, the region is about 90 cm long.
The temperature profiles were characterized over a range of conditions. By analyzing
various mass flow rates at pressures of 0.1 and 2 MPa and a fixed temperature of 1073 K
it was observed that the temperature profile was strongly a function of the mass flow rate.
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Figure 4.5: Definition of residence time using temperature profile, pentane conversion vs
axial position in cm
The temperature sweeps at pressure were accomplished by using K-type thermocouples of
varying lengths to generate the temperature profile at various conditions. For modeling, the
temperature profile input is the one that was generated for the corresponding flow condition.
Extra care was taken to get an accurate temperature profile because the temperature profile
strongly influences the kinetics.
In addition to predicting experimental trends the mechanisms were also used to carry
out a sensitivity and rate of production analysis in order to identify the dominant chemical
kinetic pathways that lead to alkane decomposition and major product formation.
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CHAPTER 5
COMPARISON OF VPFR WITH EXISTING LITERATURE DATA
The majority of the flow reactors used to study chemical kinetics use quartz as the
reactor material to minimize surface reactions. The reactor used in the majority of this
work was a silicon coated stainless steel reactor, for this reason ethane was chosen as the
fuel to validate the operation of the reactor. Xu et al. [72] carried out ethane experiments
at 88 kPa, a dilution of 50% nitrogen and a residence time of approximately 5 seconds. For
the current study several temperatures were chosen at a residence time of approximately 5
seconds in order to compare data generated from the newly developed reactor to existing
literature. Unlike the Xu et al. [72] experiments, the current study involved no dilution, for
comparisons the data obtained from Xu et al. [72] was normalized using Eq.(5.1).
¯ethaneconverted = 1−
xethane
Σni xi − xN2
(5.1)
Where xethane is the mol fraction of ethane in the system, xi is a product in the effluent,
and xN2 is the mol fraction of nitrogen. The results are in good agreement with the Xu et al.
[72] data, as highlighted in Figure 5.1 and Figure 5.2. For the ethane pyrolysis experiments
the largest species by far were ethylene and hydrogen. Similar to the normalization of the
Xu et al. [72] ethane data, the products of ethane pyrolysis are normalized using Eq.(5.2).
X̄i =
xi
Σni xi − xN2
(5.2)
Where xi is the mol fraction of species i in the system. Over the set of experiments the
majority of ethane is converted to ethylene and hydrogen, the agreement for the distribution
of these species over the range of ethane conversion is good between the current study and
Xu et al. [72] . Other dominant species produced during ethane conversion were methane,
1, 3 butadiene, acetylene and benzene; with the exception of acetylene the comparison with
this data is also good.
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Figure 5.1: Ethane conversion as a function of temperature at a residence time of approxi-
mately 5 seconds for comparison between data and Xu et al. [41]
The Xu et al. [72] paper modeled the experiment utilizing the plug flow assumption. At
a residence time of 5 seconds the computed Reynolds numbers are in the laminar regime.
For the reactor used in the Xu et al. [72] experimental validation was accomplished by
comparing the plug flow model to the parabolic flow model CRESLAF in CHEMKIN [73].
While the velocity may not have been uniform, the model suggests the species production
is more sensitive to the temperature vs. the velocity and due to the small diameter of the
reactor it was possible to attain a nearly uniform temperature profile in the radial direction,
which is what we expect for our reactor as well. The reactor in the Xu et al. [72] has
been utilized for many published studies involving gas-phase kinetics [45, 50, 74–76]. The
agreement between the two reactors provides an assurance that surface chemistry is minimal.
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Figure 5.2: Comparison of experimental data to existing literature data for the major prod-




Over 90 million tons of ethylene are produced yearly, making it the largest organic com-
pound produced worldwide, ethane is the primary feedstock used to produce ethylene [77].
Ethane also has the potential to be used as fuel for solid-oxide fuel cells [78–80]. Both solid-
oxide fuel cells and processing ethane into ethylene requires high temperature, around 1073
K. At this temperature the processing of ethane eventually leads to molecular weight growth
that has the potential to produce coke deposits. Understanding the molecular weight growth
that occurs during the pyrolysis of alkanes is crucial in being able to implement strategies
to avoid those reaction pathways that lead to coking. Higher ethane conversion is where
pyrolytic carbon deposition increases significantly, this increase coincides with increased
benzene production [38, 81]. Xu et al. [40] have studied ethane pyrolysis at high conversion,
the experiments focused on a residence time of 5 s, a pressure of 89.2 kPa and a temperature
range of 873-1123 K. For the Xu et al. [40] studies aromatics appeared at higher levels of
ethane conversion above 40%. Reaction pathways involving vinyl and 1,3 butadiene were
singled out as being particularly important in the formation of aromatics as outlined in the
following reaction scheme, R(6.1)-R(6.3).
C2H3 + C=CC=C → C=CCC=CC. (6.1)
C=CCC=CC. → Cyclohexadienyl (6.2)
Cyclohexadienyl → Benzene+H (6.3)
R(6.1) leads to the formation of large dienyl species which eventually lead to the formation
of aromatics. The Xu et al. [40] experiments showed that the major products for ethane
pyrolysis were hydrogen, ethylene and methane shown earlier in Chapter 1. The Xu et al.
[40] study characterized the kinetic behavior of ethane pyrolysis at atmospheric pressure.
In some applications pressure may not be atmospheric and this may significantly affect
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the kinetics. The main purpose of this current study is to experimentally investigate how
elevated pressure affects the kinetics that govern decomposition of ethane, the production
of major products and the eventual formation of aromatic products including benzene and
toluene. Additionally the experimental data will be used to assess the validity of several
chemical kinetic mechanisms.
6.1 Ethane pyrolysis at 0.1, 1 and 2 MPa at 1073 K
Ethane (Mathesongas, 99.95%) was diluted in nitrogen (Airgas, 99.998%) over a range
from 80-95% and swept through a residence time from 0.2 -18 s, at 1073 K and pressure of
0.1, 1 and 2 MPa. For experiments at 0.1 MPa the reactor had an inner diameter of 10.9 mm
and for 1 and 2 MPa the inner diameter was 7.04 mm. These experiments differ from the
previous experiments shown in Chapter 5 where temperature was swept at a fixed pressure
and residence time to push conversion. For this section conversion was accomplished by
sweeping through residence time at a fixed pressure and temperature.
6.1.1 Experimental results
Figure 6.1 presents the results of ethane conversion as a function of residence time at 0.1
and 2 MPa. Although the time required to reach comparable conversions is about 10 times
longer at 2 MPa than 0.1 MPa the rate of ethane concentration decay is actually higher at
2 MPa since the concentration is about 20 times higher.
Over the range of conditions tested the major species produced were hydrogen, methane
and ethylene; the results for these species are presented in Figure 6.2. The effect of pressure
on these species is significant from 0.1 to 1 MPa but from 1 to 2 MPa there is no significant
difference. For hydrogen, methane and ethylene; the effect of pressure impacts becomes
apparent at ethane conversion levels greater than 40%.
Figure 6.2 also includes the experimental results for propane, n-butane, propylene, acety-
lene and 1,3 butadiene. The left side of Figure 6.2 contains species that decrease in selectiv-
ity at elevated pressure while the right side contains the major species which are favored at
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Figure 6.1: Ethane conversion vs. residence time, at 0.1 and 2 MPa at 1073 K
higher pressure. At levels of ethane conversion above 60% 1,3 butadiene selectivity decreases
at higher pressure. At elevated pressure acetylene selectivity is substantially repressed. At
1 and 2 MPa the selectivity difference for hydrogen, ethylene and methane begin to appear
at greater than 40% conversion. Higher alkanes like propane and n-butane, also show a
considerable increase in peak selectivity at higher pressure. Similar behavior is observed for
propylene.
Figure 6.3 presents the experimental data for benzene and toluene. At increased pressure
benzene and toluene drastically increase in selectivity. Similar to the major species, the
departure from low pressure behavior occurred at greater than 40% ethane conversion. Unlike
the other species shown in this section there is a significant pressure dependence for benzene
and toluene going from 1 to 2 MPa.
The most striking conclusions from the experimental results is the observed selectiv-
ity difference with pressure at ethane conversion levels above 40%. With the exception of
benzene and toluene, the product selectivity is similar at 1 and 2 MPa. The three major
products, hydrogen, methane and ethylene are significantly affected by pressure. The de-
crease in ethylene at higher pressure may be the reason why acetylene and 1,3 butadiene
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Figure 6.2: Hydrogen, ethylene, acetylene, 1,3 butadiene, methane, propane, n-butane and
propylene mol percent vs. ethane conversion at 0.1 (•), 1.0 (×) and 2.0 MPa (◦) at 1073 K
over a residence time range from 0.2 - 18 s.
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Figure 6.3: Benzene and toluene mol percent vs. ethane conversion at 0.1 (•), 1.0 (×) and
2.0 MPa (◦) at 1073 K over a residence time range from 0.2 - 18 s.
are also suppressed. Elevated pressure favors the production of benzene and toluene. The
kinetic analysis provided later in the text will be used to explore the major features of ethane
pyrolysis at 0.1 and 2 MPa.
A summary of the experimental data for ethane pyrolysis at 0.1 and 2 MPa is included
in the appendix in Figure A.1 and Figure A.2. Also shown on this summary is the carbon
and hydrogen balance, which at both 0.1 and 2 MPa was within ±4%.
6.1.2 Comparing expermental results to existing chemical kinetic mechanisms
The following chemical kinetic mechanisms were utilized to analyze the experimental
data
• The Lawrence Livermore National Laboratory (LLNL) C1-C4 mechanism with PAH
formation. The LLNL kinetic mechanism was designed to model aromatic and PAH for-
mation for fuel-rich, n-butane/oxygen/argon atmospheric flame and a fuel-rich propane
flame. The mechanism has been validated for ethane, ethylene and methane fuel-rich
flames [82]
• The Colorado School of Mines (CSM) mechanism. The CSM mechanism was originally
developed for describing the MWG kinetics for ethane pyrolysis at ambient pressure
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[72], and it was recently expanded substantially to describe the pyrolysis of olefins
[76]. The rate constants were determined using transition state theory based on the
results of electronic structure calculations, generally performed at the CBS-QB3 level
of theory,[83] or from reliable experiments whenever available. The QRRK/MSC ap-
proach [84] was used to analyze the impact of pressure for the pressure-dependent
reactions in the mechanism.
• The CRECK C1-C3 mechanism (Version 1412, December 2014). The mechanism was
developed for pyrolysis, partial oxidation and combustion of hydrocarbon fuels up to
3 carbon atoms [85].
• The JetSurf 2.0 mechanism. The JetSurF model 2.0 resulted from an extensive collab-
oration among many institutions, and was centered on combustion kinetics for both
small and large hydrocarbons. For some reactions in the JetSurF model, theoretical
calculations was performed to obtain the high pressure limit rate constants and analyze
the pressure-dependence. For the rest of the reactions, estimation techniques based on
similar reactions were used to get the rate parameters [86].
The first comparison will deal with ethane conversion as a function of residence time
at 0.1 and 2 MPa. Figure 6.4 shows that all the models do a reasonable job at predicting
experimental trends for ethane conversion in the two pressure regimes. At low pressure
the models over predict the initial decomposition rate. The CSM model best captures the
decomposition rate of ethane at 0.1 MPa. At 2 MPa CSM model best predicts ethane
conversion while the other models tend to under predict the experimental data.
A comparison for the major products of ethane pyrolysis; hydrogen, ethylene and methane
is presented in Figure 6.5. At 0.1 MPa the agreement is very good for hydrogen and ethylene,
while for methane agreement is good up to ethane conversion levels of 75% at which point the
models predict a more rapid increase in selectivity than observed. At 2 MPa the models do
better at predicting the experimental data for methane. The models show good agreement
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Figure 6.4: Model and experimental comparison of ethane conversion as a function of resi-
dence time at 0.1 and 2 MPa
with one another at conversion levels up to about 40% for hydrogen, methane and ethylene;
at higher levels of conversion the models capture the overall trends but being to show some
variance.
Figure 6.6 compares acetylene, 1,3 butadiene, propylene and 1-butene. In general the
model predictions vary widely for these minor products. At 0.1 MPa all the models under-
predict the acetylene concentration; this is also true at 2 MPa with the exception of the
JetSurF mechanism, which over predicts ethylene. For 1,3 butadiene, at 0.1 and 2 MPa the
CSM mechanism predicts the experimental data well. The CSM and JetSurF mechanisms
accurately predict the trends observed in proplyene and 1-butene at 2 MPa but they both
underpredict the maximum for propylene and overpredict the maximum for 1-butene.
The comparison for benzene and toluene is presented in Figure 6.7. For these species
there was a fair amount of variance between the models; overall the CSM mechanism did best
at predicting the experimental data observed for these aromatics. The mechanism captured
the large selectivity increase to benzene and toluene at 2 MPa.
In this section it was observed that the selectivity of the major species had strong pressure
dependence; all models did a good job at predicting the trends observed in the major species
hydrogen, ethylene and methane. The comparison of the results for the minor species was not
76
Figure 6.5: Model and experimental comparison of hydrogen, ethylene and methane mol
percent vs ethane conversion at 0.1 and 2 MPa
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Figure 6.6: Model and experimental comparison of acetylene, 1,3 butadiene, propylene and
1-butene mol percent vs ethane conversion at 0.1 and 2 MPa
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Figure 6.7: Model and experimental comparison of benzene and toluene mol percent vs
ethane conversion at 0.1 and 2 MPa
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as consistent. Although there are discrepancies, the CSM model appears to better describe
the effect of pressure for the olefins and aromatics, the species that are the coke deposit
precursors.
6.1.3 Discussion and analysis for ethane pyrolysis
In order to gain insight into the chemistry dominating ethane decomposition, the forma-
tion of major products and the eventual formation of aromatics, a sensitivity analysis and
rate of production analysis was carried out in CHEMKIN-PRO [87]. The CSM mechanism
was used to conduct this analysis. The rate of production analysis looks at which reactions
are responsible for production and decomposition of a specific species while the sensitivity
analysis gages how sensitive a species is to a specific reaction.
The sensitivity analysis presented in Table 6.1 is for ethane at 0.1 MPa at varying levels
of conversion, this analysis revealed that at low pressure ethane decomposition is only sen-
sitive to a few reactions. The sensitivity to only to a few reactions explains why the model
predictions are good at low pressure, since these reactions are well studied. At 0.1 MPa the
reaction which is most important for ethane decomposition is the hydrogen abstraction from
ethane by H-atoms, R(6.4). The sensitivity analysis also showed that R(6.5), the decompo-
sition of ethane to methyl radicals is important at mid and high conversion. Additionally
the sensitivity analysis demonstrated that at mid conversion the β-scission of ethyl, R(6.6) is
important at mid conversion but as conversion progresses this reaction becomes equilibrated.
Table 6.1: Sensitivity coefficients for ethane at 0.1 MPa, 1073 K and varying levels of con-
version taken at the end of the reactor
Ethane conversion 57.66% 91.62%
C2H4 +H(+M) → C2H5(+M) 0.11 0.61
C2H5(+M) → C2H4 +H(+M) -0.24 -0.61
C2H5 +H2 → C2H6 +H 0.03 0.58
C2H6 +H → C2H5 +H2 -0.23 -0.66
C2H6(+M) → 2CH3(+M) -0.14 -0.15
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C2H6 +H ↔ C2H5 +H2 (6.4)
C2H6(+M) ↔ 2CH3(+M) (6.5)
C2H5(+M) ↔ C2H4 +H(+M) (6.6)
C2H6 + CH3 ↔ C2H5 + CH4 (6.7)
The rate of production analysis in Figure 6.8 is for ethane and 0.1 MPa and shows that
by far most ethane is consumed through R(6.4), followed by R(6.7). The H-atoms that
are responsible for the majority of ethane decomposition in R(6.4) are generated through
the β-scission of ethyl, R(6.6), the dominance of these reactions explains why ethylene and
hydrogen are the major products for ethane pyrolysis at 0.1 MPa.
Figure 6.8: Rate of production analysis for ethane at 0.1 MPa and 1073 K
Figure 6.9 compares the net rate of consumption for ethane at 0.1 and 2 MPa. At 2
MPa the rate of production is significantly higher yet it takes longer for ethane to convert to
products and this mainly due to the increased concentration at higher pressure. Assuming
a first order reaction, Eq. (6.8) could be used to describe the decomposition of ethane, it
would be expected that the difference in the rate between 0.1 and 2 MPa should be at a
minimum 20 times faster, when doing the integration of Figure 6.9 the rate at 2 MPa is 21.7
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times higher than 0.1 MPa.
Rate = k[C2H6] (6.8)
Figure 6.9: Net rate of production analysis for ethane at 0.1 and 2 MPa at 1073 K
To gain insight into why ethane takes longer to convert to products at 2 MPa a sensitivity
and rate of production analysis was also conducted at 2 MPa and 1073 K, the results are
shown in Table 6.2 and Figure 6.10. The sensitivity analysis found that at elevated pressure
ethane decomposition is not as sensitive to R(6.4), where H-atoms are abstracting hydrogen
from ethane, this reaction appears to equilibrate early on; the reason for this is that the main
source of H-atoms, R(6.6) also equilibrates early on effectively closing off the reaction that
is predominantly forming H-atoms. Instead ethane decomposition is much more sensitive
to R(6.5) where methyl is abstracting hydrogen from ethane. The sensitivity analysis at 2
MPa also highlighted that the decomposition of ethane is also driven by chemistry involving
olefins like propylene and 1-butene, R(6.9)-R(6.11).
C=CCC(+M) → C=CC.+ CH3(+M) (6.9)
C=CC + C2H5(+M) → C2.CCC(+M) (6.10)
C=CC + C2H5(+M) → C=CCC + CH3(+M) (6.11)
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Table 6.2: Sensitivity coefficients for ethane at 2 MPa, 1073 K and varying levels of conversion
taken at the end of the reactor
Ethane conversion 57.89% 91.61%
C2H4 +H(+M) → C2H5(+M) 0.22 0.30
C2H5(+M) → C2H4 +H(+M) -0.24 -0.30
C2H5 +H2 → C2H6 +H 0.23 0.39
C2H6 +H → C2H5 +H2 -0.27 -0.41
C2H6(+M) → 2CH3(+M) -0.09 -0.34
C2H5 + CH4 → C2H6 + CH3 0.01 0.19
C2H6 + CH3 → C2H5 + CH4 -0.03 -0.27
C=CCC(+M) → C=CC.+ CH3(+M) -0.05 -0.20
C=CC + C2H5(+M) → C2.CCC(+M) -0.04 -0.26
C=CC + C2H5(+M) → C=CCC + CH3(+M) -0.02 -0.17
The rate of production analysis for ethane at 2.0 MPa in Figure 6.10 shows that initially,
similar to the 0.1 MPa rate of production analysis, ethane decomposition is being driven by
H-atoms abstracting hydrogen from ethane. A key difference is that as conversion progresses
hydrogen abstractions by H-atoms are overtaken by methyl. This behavior helps explain
why at 2 MPa, at higher conversion there is less hydrogen and more methane produced.
Thus far it has been shown that H-atoms, methyl and ethyl are important in the de-
composition of ethane. A rate of production analysis was done on these species to gain
insight into their formation and consumption. Starting with H-atoms Figure 6.11 displays
the rate of production analysis for H-atoms at 0.1 and 2 MPa. At 0.1 MPa there is a pri-
mary consumption and production pathway, H-atoms are being generated by the β-scission
of ethyl, R(6.6) and being consumed by abstracting hydrogen from ethane, R(6.4). At 2
MPa, R(6.4) and R(6.6) are also primary pathways but there exists additional consumption
and production channels, which involve olefins and lead to the production of methyl radicals.
The experiments showed that at elevated pressure at conversion levels above 40% hydrogen
is consumed, one reason could be because of the increased role of R(6.12) running in reverse.
CH4 +H ↔ CH3 +H2 (6.12)
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Figure 6.10: Rate of production analysis for ethane at 2 MPa and 1073 K
Figure 6.11: Left: rate of production analysis for H-atoms at 0.1 MPa and 1073 K. Right:
rate of production analysis for H-atoms at 2 MPa and 1073 K.
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Figure 6.12 is for the rate analysis of ethyl at 0.1 and 2 MPa. Just like H-atoms at 0.1
MPa there is a dominant consumption and production channel for ethyl, where R(6.6), the
decomposition of ethyl is largely responsible for consumption and R(6.4), H-atoms abstract-
ing hydrogen from ethane is the largest production channel. At 2 MPa R(6.4) and R(6.6)
are important consumption and production pathways for ethyl but bimolecular reactions
involving ethyl that lead to larger species, reactions like, R(6.13) and R(6.14), become more
dominant.
Figure 6.12: Left: rate of production analysis for ethyl at 0.1 MPa and 1073 K. Right: rate
of production analysis for ethyl at 2 MPa and 1073 K.
C2H5 + C=CC(+M) → CCCC.C(+M) (6.13)
C2H5(+M) + C=CC=C ↔ C=CC.CCC(+M) (6.14)
Figure 6.13 is a rate of production analysis for methyl at 0.1 and 2 MPa. At 0.1 MPa
methyl is primarily produced by R(6.15) and R(6.16), meanwhile at 2 MPa reactions involv-
ing the decomposition of alkyl radicals become increasingly important, R(6.17)-R(6.19).
2CH3(+M) ↔ C2H6(+M) (6.15)
C=CC +H(+M) → C2H4 + CH3(+M) (6.16)
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Figure 6.13: Left: rate of production analysis for methyl at 0.1 MPa and 1073 K. Right:
rate of production analysis for methyl at 2 MPa and 1073 K.
C2.CCC(+M) → CH3 + C=CCC(+M) (6.17)
C=CCC +H(+M) → C=CC + CH3(+M) (6.18)
C2H5 + C=CC(+M) → CH3 + C=CCC(+M) (6.19)
In addition to generating methyl, alkyl radicals were found to be the main source of
olefins like propylene and 1-butene, species which readily lead to the formation of resonantly
stabilized allylic radicals [88].
Since vinyl is known to be an important intermediate in the formation of molecular
weight growth a rate of production analysis was also done on this species. Figure 6.14
shows the rate of production analysis for vinyl. At both pressures tested the dominant
production pathways for vinyl involve hydrogen abstractions from ethylene, R(6.20) and
R(6.21). Based on the rate of production analysis for vinyl, the decrease observed in acetylene
and 1,3 butadiene concentrations is based on the decrease in the production of ethylene, since
ethylene is important in producing vinyl radicals which along with ethylene are important
in the production of acetylene and 1,3 butadiene. Xu et al. [40] suggested that the addition
of vinyl to 1,3 butadiene is an important pathway to molecular weight growth. It was
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observed in this study that at elevated pressure where there is less availability of vinyl
and 1,3 butadiene more ethane is converted into aromatic species like benzene and toluene,
this must mean that there are other reaction pathways where benzene and toluene is being
produced.
Figure 6.14: Left: rate of production analysis for vinyl at 0.1 MPa and 1073 K. Right: rate
of production analysis for vinyl at 2 MPa and 1073 K.
C2H4 +H ↔ C2H3 +H2 (6.20)
C2H4 + CH3 ↔ C2H3 + CH4 (6.21)
Figure 6.15 was generated in CHEMKIN-PRO using the pathway analyzer. From Fig-
ure 6.15 it is apparent that olefins, propylene and 1-butene are important in the production
cyclohexadiene and cyclohexadiene is important in the eventual formation of benzene and
toluene.
Olefins are important in the generation of benzene and toluene because they lead to
production of cyclic dienyl species. Olefins readily produce allylic radicals; these allylic
radicals are much more stable than alkyl radicals which make them less reactive and they
are able to accumulate. At elevated pressure there is an increase in the presence of fairly
unreactive allylic radicals, this is one of the reasons ethane decomposition is slower than
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Figure 6.15: Chemical pathway that leads to benzene and toluene production
what was expected at elevated pressure. The allylic radicals through addition reactions lead
to the formation of larger dienes and dienyl species, species which undergo cyclization to
form cyclic dienes; these cyclic dienes like cyclohexadiene have pathways that eventually
lead to the production of aromatics [88]. Another reason for the lower than expected rate
of ethane decomposition at 2 MPa was likely caused by the reduction in H-atoms at higher
pressure, H-atoms were primarily produced from the unimolecular β-scission of ethyl, R(6.4).
At higher pressure bimolecular reactions involving ethyl led to larger species and this along
with the longer reaction time led to the formation of more benzene and toluene.
6.2 Summary of ethane pyrolysis experiments
In this section a variable pressure flow reactor was utilized to investigate ethane pyrolysis
at 1073 K at pressure of 0.1, 1 and 2 MPa over a residence time range from 0.2-18 s.
The experimental data was compared to existing chemical kinetic mechanisms to gage the
performance of the mechanisms. The mechanisms were able to accurately describe the major
features of ethane pyrolysis but showed variance for many of the minor species. A chemical
kinetic analysis was conducted by using a sensitivity and rate of production analysis. The
analysis revealed that at elevated pressure there is a significant shift in the behavior of
ethane pyrolysis, it takes a longer time for ethane to be converted to products and much
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more methane was produced. A significant finding was that at elevated pressure more ethane
was converted to aromatics, and higher olefins like propylene and 1-butene attained greater
maximums. The analysis revealed that the shift of the unimolecular decomposition of ethyl
to bimolecular reactions may be the reason for the pressure effects observed. The increased
presence of allylic radicals and the increases relevance of bimolecular reactions is believed





In order to be able to utilize fuels in novel applications like solid-oxide fuel cells or as
endothermic coolers aboard hypersonic vehicles, a thorough understanding of the pyrolytic
behavior of hydrocarbons is essential in order to apply the fuel to these new technologies.
Thermally cracking fuel in a fuel processing facility or undergoing pyrolysis in the anode
channel of a fuel cell can lead to coke deposition. The formation of coke occurs via chemical
kinetic pathways that are largely dependent on poly aromatic hydrocarbons (PAHs). The
formation of PAHs largely depends on species which include ethylene, acetylene, butadiene,
benzene and toluene. n-Pentane is a relatively simple structure for modeling purposes,
yet large enough that it produces some of the relevant chemistry of real fuels. n-Pentane
experiments were done over a range of temperature (923 - 1073 K), pressure (0.1 - 2.0
MPa) and residence time (30 ms - 40 s). The product selectivity appeared to be greatest
influenced by pressure and level of fuel conversion. Pressure increases ethylene and hydrogen
production and has an inverse effect on ethane production. Soot precursors, benzene and
toluene appeared at higher levels of conversion and were favored at elevated pressure. Higher
pressure also lengthened the time for n-pentane to convert to products. The results of the
experiments were compared to existing chemical kinetic mechanisms in order to assess the
validity of the mechanisms on the process for n-pentane. The CSM mechanism [76] was
used to analyze the chemical pathways that dominate decomposition and the formation of
the major products; this investigation was done using a sensitivity and rate of production
analysis.
7.1 n-Pentane pyrolysis experimental data at 0.1 and 2 MPa
n-Pentane pyrolysis experiments were carried out at pressures of 0.1 and 2 MPa. n-
Pentane (Sigma Aldrich, 99%) was diluted in 11-19% nitrogen (Airgas, 99.999%). Conversion
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of the fuel was accomplished in two ways, one by adjusting residence time at a fixed temper-
ature and pressure. Conversion was also achieved by adjusting temperature and maintaining
a fixed residence time and pressure. The data in the n-pentane analysis has been normalized
in the same manner as presented earlier in the ethane section, with Eq.(5.1) and Eq.(5.2).
The plots in Figure 7.1 show how n-pentane conversion varied as a function of residence
time. At 1073 K it took a longer time for n-pentane to convert to products. At the lower
pressure of 0.1 MPa about 90% of pentane is converted in under 400 ms, while it takes more
than 500 ms to get to this point at 2 MPa. At 923 K and 2 MPa it takes over 40 seconds to
reach over 90% conversion.
Figure 7.1: Left: n-Pentane mol percent as a function of residence time at 0.1 and 2 MPa
at 1073 K. Right: n-Pentane mol percent as a function of residence time at 2 MPa at 923 K
The next set of plots in Figure 7.2 shows how n-pentane conversion varies at a fixed
residence time as function of temperature at 0.1 and 2 MPa. The purpose of including
these experiments was to determine the impact on the product distribution of n-pentane
pyrolysis. The main products for all conditions tested were hydrogen, methane, ethane,
ethylene, propylene and 1-butene. A comparison of the product distribution as a function of
n-pentane conversion at all the conditions tested is presented in Figure 7.3. By far the species
which showed the greatest sensitivity to pressure and temperature effects were hydrogen and
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Figure 7.2: Left: n-Pentane mol percent as a function of temperature at 0.1 at a residence
time of about 250 ms. Right: n-Pentane mol percent as a function of temperature at 2 MPa
at a residence time of about 500 ms
ethane. The highest levels of hydrogen were produced at the lower pressure of 0.1 MPa,
at this condition is also where the least amount ethane was produced. On the other side
of the spectrum at the lower temperature of 923 K and pressure of 2 MPa the levels of
hydrogen and ethylene are reduced and more ethane is produced. Hydrogen and ethylene
were also highly sensitive to pressure effects for ethane pyrolysis. An explanation for the
major chemistry governing hydrogen and ethane production may help clarify the major
pressure effects observed for n-pentane pyrolysis. The major olefins, ethylene, propylene and
1-butene are also influenced by pressure effects. At 0.1 MPa and 1073 K the highest levels
of ethylene are produced, while the case is opposite for propylene and 1-butene. At 2 MPa
and 923 K the highest levels of propylene and 1-butene are produced. Methane appears to
be the least sensitive to temperature and pressure effects under the conditions tested; it does
have a slight pressure dependence in that pressure increases result in more n-pentane being
converted to methane.
Figure 7.4 and Figure 7.5 highlight the behavior of some of the minor species. At the low-
est temperature tested alkanes propane and n-butane are produced in greatest abundance.
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Figure 7.3: Experimental comparison of hydrogen, methane, ethane, ethylene, propylene and
1-butene vs n-pentane conversion at 0.1 MPa and 2 MPa at 1073 K, 2 MPa at 923 K, 0.1
and 2 MPa from 923-1073 K. TS (Temperature sweep)
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Figure 7.4: Experimental comparison of propane, n-butane, propadiene, acetylene, 2-butene
and 1,3 butadiene vs n-pentane conversion at 0.1 MPa and 2 MPa at 1073 K, 2 MPa at 923
K, 0.1 and 2 MPa from 923-1073 K. TS (Temperature sweep)
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Figure 7.5: Experimental comparison of cyclopropane, cyclobutane, 1-pentene, 2-pentene,
cyclopentene, and cyclopentadiene vs n-pentane conversion at 0.1 MPa and 2 MPa at 1073
K, 2 MPa at 923 K, 0.1 and 2 MPa from 923-1073 K. TS (Temperature sweep)
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Figure 7.6: Experimental comparison of benzene and toluene vs n-pentane conversion at
0.1 MPa and 2 MPa at 1073 K, 2 MPa at 923 K, 0.1 and 2 MPa from 923-1073 K. TS
(Temperature sweep)
Propadiene and acetylene are highly sensitive to temperature effects over the conditions
tested, very little is produced at 923 K. At 1073 K less acetylene and propadiene is produced
at elevated pressure. 2-Butene also appears to be sensitive to pressure and temperature
effects, while 1,3 butadiene has a strong temperature dependence, similar to ethylene; addi-
tionally at 1073 k, higher levels of conversion and higher pressure it is negatively affected by
pressure. Most olefins, with the exception of ethylene increased in production with an in-
crease in pressure, they also underwent a maximum, this behavior extends to 1-pentene and
2-pentene.The final plot presented in Figure 7.6 is for benzene and toluene; these species are
sensitive to pressure effects. The concentration of benzene and toluene drastically increases
at elevated pressure and above n-pentane conversion levels of 60%, this also where olefins
approach a maximum.
The n-pentane data is included in the appendix in Figure A.3 and Figure A.4, these
figures also show that the carbon and hydrogen balance was within ± 2%.
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7.2 Comparing experimental results for n-pentane pyrolysis to existing chemi-
cal kinetic mechanisms.
The following chemical kinetic mechanisms were utilized to analyze the experimental
data.
• The Lawrence Livermore National Laboratory (LLNL) n-Heptane Detailed Mechanism,
Version 3.1. The LLNL kinetic mechanism was designed to model fuel combustion, and
validated using experimental data from shock tubes and a rapid compression machines.
The mechanism was validated at both low and high temperatures and over a broad
pressure range important for internal combustion engines [67–69].
• The Colorado School of Mines (CSM) mechanism. A description of the CSM mecha-
nism was given in the ethane pyrolysis section.
• The CRECK n-heptane reduced mechanism (Version 1410, October 2014). The mech-
anism was developed for pyrolysis, partial oxidation and combustion of hydrocarbon
fuels up to n-heptane [89–91].
• The JetSurf 2.0 mechanism. A description of the JetSurf 2.0 mechanism was given in
the ethane pyrolysis section.
The plots in Figure 7.7 compare the chemical kinetic mechanisms to the experimental
data at 1073 K. The LLNL model does best at modeling the data, the other mechanisms
over predict n-pentane conversion and group together at both 0.1 and 2 MPa.; the other
mechanisms group pretty close together. The CRECK mechanism was not stable at 2 MPa
and was not included.
The next set of plots in Figure 7.8, Figure 7.9 and Figure 7.10 show how well the models
predict the product distribution of the major species. Starting with hydrogen the CSM
and CRECK model do best at modeling the experimental data at 0.1 MPa, at 2 MPa the
CSM model does best at predicting the pressure effects. The trends for ethane are best
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Figure 7.7: Comparison of experimental data to several chemical kinetic mechanisms. n-
Pentane conversion vs residence time at 0.1 MPa and 2 MPa at 1073 K
captured by the CSM model at both low and high pressure. For ethylene the LLNL and
CSM mechanism capture the data fairly well. The JetSurF 2.0 mechanism did not accurately
capture the product distribution of the major species. With the exception of the JetSurF
2.0 mechanism the mechanisms did a good job at predicting the trends observed in methane.
All mechanisms accurately captured the behavior of 1,3 butadiene. For acetylene the LLNL
model best captured the trends at low and high pressure. At the conditions tested, propylene
was a major species; the CSM and LLNL model capture the trends observed at low and
high pressure. Benzene and toluene were the major aromatic hydrocarbons measured. The
LLNL model did not include chemistry to model these species; the CSM model captures
the observed trends in benzene but under predicts toluene at elevated pressure. Overall the
CSM and LLNL mechanisms did best at modeling the data for the experiments presented
in this section.
7.3 Analysis of chemical pathways that govern decomposition and formation of
major products for n-pentane pyrolysis
This section will focus on analyzing the major chemical pathways that lead to production
and decomposition of major species. A sensitivity and rate of production analysis was used to
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Figure 7.8: Comparison of hydrogen, ethane and ethylene produced during n-pentane py-
rolysis experiments to several chemical kinetic mechanisms at 0.1 MPa and 2 MPa at 1073
K
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Figure 7.9: Comparison of methane, 1,3 butadiene and acetylene produced during n-pentane
pyrolysis experiments to several chemical kinetic mechanisms at 0.1 MPa and 2 MPa at 1073
K
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Figure 7.10: Comparison of propylene, benzene and toluene produced during n-pentane
pyrolysis experiments to several chemical kinetic mechanisms at 0.1 MPa and 2 MPa at 1073
K
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gain insight into the chemical pathways. A sensitivity analysis looks at the major sensitivity
coefficient for each species; the sensitivity coefficient is how sensitive a particular species is
to a specific reaction. The rate of production analysis looks at the net rate of production as
well as which reactions are responsible for consumption and production. Table 7.1 shows the
reactions which n-pentane decomposition is most sensitive to at 0.1 and 2 MPa, the cutoff
for the sensitivity was set to 0.1, a double dash indicates that the reaction was below the
cut-off level. At 0.1 MPa n-pentane is most sensitive to the decomposition reaction, R(7.1).
At 2 MPa the relative sensitivity of R(7.1) is not as great. This behavior is justifiable since
R(7.1) is unimolecular and it decreases in relative magnitude to bimolecular reactions at
elevated pressure. The decomposition reaction, R(7.2) is also important at both pressures.
Table 7.1: Sensitivity coefficients for n-pentane at 0.1 MPa and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
CCCCC +H ↔ CCCC.C +H2 -0.17 -0.27
CCCCC +H ↔ CCC.CC +H2 -0.15 -0.17
CCCCC + CH3 ↔ CCCCC.+ CH4 -0.11 -0.23
CCCCC + CH3 ↔ CCCC.C + CH4 -0.40 -1.0
CCCCC + CH3 ↔ CCC.CC + CH4 -0.22 -0.44
CCCCC(+M) ↔ CCCC.+ CH3(+M) -0.21 -0.21
CCCCC(+M) ↔ CCC.+ C2H5(+M) -0.51 -0.51
C=CC +H ↔ C=CC.+H2 0.15 - -
C=CC + CH3 ↔ C=CC.+ CH4 0.15 0.30
C=CCC + CH3 ↔ CC=CC.+ CH4 - - 0.20
CCCCC(+M) ↔ CCC.+ C2H5(+M) (7.1)
CCCCC(+M) ↔ CCCC.+ CH3(+M) (7.2)
At both high and low pressure n-pentane decomposition is dominated by abstraction re-
actions involving H-atoms and methyl. The radical species abstract hydrogen from n-pentane




CCCCC + CH3 ↔ CCC.CC + CH4 (7.3)
CCCCC + CH3 ↔ CCCC.C + CH4 (7.4)
CCCCC + CH3 ↔ CCCCC.+ CH4 (7.5)
H-atom abstractions
CCCCC +H ↔ CCC.CC +H2 (7.6)
CCCCC +H ↔ CCCC.C +H2 (7.7)
CCCCC +H ↔ CCCCC.+H2 (7.8)
The sensitivity analysis for n-pentane also revealed that reactions involving allylic rad-
icals are responsible for the inhibition of n-pentane decomposition, R(7.10) - R(7.11) ; this
behavior is justifiable since these reactions are terminating alkyl radicals and generating less
reactive resonantly stabilized allylic radicals. At 0.1 MPa the formation of allylic radicals is
dependent on both methyl and H-atoms, while at 2 MPa it is only dependent on reactions
involving methyl.
Generation of allylic radicals
C∗CC +H → C∗CC.+H2 (7.9)
C∗CC + CH3 ↔ C
∗CC.+ CH4 (7.10)
C∗CCC + CH3 → CC
∗CC.+ CH4 (7.11)
Figure 7.11 shows the net rate of production for n-pentane at 0.1 and 2 MPa. At 2 MPa
the rate of n-pentane is significantly higher, this is due to the increase in concentration caused
by the pressure increase. At the higher pressure the rate is 21.6 times higher, consistent with
what was expected.
Figure 7.12 presents the reactions which lead to the decomposition of n-pentane at 0.1
and 2 MPa. At both high and low pressure n-pentane decomposition is governed by methyl
abstracting hydrogen from n-pentane, R(7.3) - R(7.5). At both pressures hydrogen abstrac-
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Figure 7.11: Net rate of production analysis for n-pentane pyrolysis at 0.1 MPa and 2 MPa
at 1073 K
tions by H-atoms and ethyl are also significant. At low pressure hydrogen abstractions by
H-atoms are the second most dominant reaction, while at high pressure hydrogen abstrac-
tions by H-atoms are third to those carried out by ethyl. At 0.1 MPa the unimolecular
decomposition of n-pentane, R(7.2) is important, however it is significantly reduced at 2
MPa.
Figure 7.12: Rate of production analysis for n-pentane pyrolysis at 0.1 MPa and 2 MPa at
1073 K
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Based on the importance of H-atoms, methyl and ethyl in the decomposition of n-pentane,
the pathways generating these species were also investigated. Beginning with the products
that H-atoms and ethyl generate; hydrogen, ethane and ethylene. Table 7.2 presents the
sensitivity analysis for hydrogen, at both low and high pressure the β-scission of ethyl is
seen as the most important reaction in the production of hydrogen, R(7.12). Reactions
which terminate ethyl are seen as inhibiting hydrogen production, R(7.13).
Table 7.2: Sensitivity coefficients for hydrogen produced during n-pentane pyrolysis at 0.1
MPa and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
2C2H5(+M) ↔ CCCC(+M) -0.11 -0.12
CCCCC + CH3 ↔ CCCC.C + CH4 0.11 - -
CCCCC(+M) ↔ CCCC.+ CH3 0.18 0.11
CCCCC(+M) ↔ CCC.+ C2H5 0.59 0.42
H + C2H4(+M) ↔ C2H5(+M) 0.72 0.26
CCCC.C(+M) → C2H5 + C=CC(+M) - - -0.21
CCC.CC(+M) → CH3 + C=CCC(+M) - - -0.12
CC=CCC +H(+M) ↔ CCC.CC(+M) - - 0.10
CCCC.C(+M) → C=CCCC +H(+M) - - 0.11
CCCCC + C2H5 ↔ CCCC.C + C2H6 - - 0.18
CCCCC + C2H5 ↔ CCC.CC + C2H6 - - 0.21
The rate of production analysis for H-atoms in Figure 7.13 confirms that at both low and
high pressure, R(7.12) is the most important reaction in the generation of H-atoms. Both
Figure 7.13 and the rate of production analysis for hydrogen in Figure 7.14 highlight that
most hydrogen is being produced by H-atoms abstracting hydrogen from n-pentane R(7.6)
- R(7.8).
H + C2H4(+M) ↔ C2H5(+M) (7.12)
2C2H5(+M) ↔ CCCC (7.13)
The next sensitivity analysis presented in Table 7.4 is for ethylene. Similar to hydrogen
the most important reaction at both low and high pressure is the β-scission reaction R(7.12).
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Figure 7.13: Rate of production analysis for H-atom production that occurs during n-pentane
pyrolysis at 0.1 MPa and 2 MPa at 1073 K
Figure 7.14: Rate of production analysis for hydrogen production that occurs during n-
pentane pyrolysis at 0.1 MPa and 2 MPa at 1073 K
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Table 7.3: Sensitivity coefficients for ethylene produced during pentane pyrolysis at 0.1 MPa
and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
2C2H5(+M) ↔ CCCC(+M) -0.13 -0.18
CCCCC + CH3 ↔ CCCCC.+ CH4 0.13 0.18
CCCCC(+M) ↔ CCCC.+ CH3 0.20 0.17
CCCCC(+M) ↔ CCC.+ C2H5 0.60 0.31
H + C2H4(+M) ↔ C2H5(+M) 0.55 0.37
CCCCC.(+M) → CCC.+ C2H4 0.19 0.27
CCCCC + C2H5 → CCCCC.+ C2H6 0.19 0.3
CCCC.C(+M) → C2H5 + C=CC(+M) - - -0.10
CCCCC + C2H5 ↔ CCC.CC + C2H6 - - 0.11
At 0.1 MPa R(7.12) is the most dominant reaction as shown in Figure 7.15, this reaction
is substantially reduced at elevated pressure and there are other more dominant channels
that generate ethylene, reactions like R(7.14) and R(7.15).
CCC.(+M) → C2H4 + CH3(+M) (7.14)
CCCCC.(+M) → CCC.+ C2H4(+M) (7.15)
Figure 7.15: Rate of production analysis for ethylene production that occurs during n-
pentane pyrolysis at 0.1 MPa and 2 MPa at 1073 K
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For ethane, the sensitivity analysis in Table 7.4 and rate of production analysis in Fig-
ure 7.16 revealed that at both high and low pressure the main production pathways to the
generation of ethane come via ethyl abstracting hydrogen from n-pentane, R(7.16) - R(7.18).
Table 7.4: Sensitivity coefficients for ethane produced during n-pentane pyrolysis at 0.1 MPa
and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
2C2H5(+M) ↔ CCCC(+M) -0.12 -0.16
CCCCC + CH3 ↔ CCCC.C + CH4 0.17 0.15
CCCCC(+M) ↔ CCCC.+ CH3 0.20 0.17
CCCCC(+M) ↔ CCC.+ C2H5 0.56 0.38
CCCCC + C2H5 → CCCCC.+ C2H6 0.18 0.15
CCCCC + C2H5 ↔ CCC.CC + C2H6 0.29 0.23
CCCCC + C2H5 ↔ CCCC.C + C2H6 0.36 0.29
Figure 7.16: Rate of production analysis for ethylene production that occurs during n-
pentane pyrolysis at 0.1 MPa and 2 MPa at 1073 K
CCCCC + C2H5 ↔ CCCCC.+ C2H6 (7.16)
CCCCC + C2H5 ↔ CCCC.C + C2H6 (7.17)
CCCCC + C2H5 ↔ CCC.CC + C2H6 (7.18)
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Figure 7.17 highlights which pathways lead to the production of ethyl. Ethyl was shown
to be essential in the formation of H-atoms, the production of ethylene and ethane. At both
low and high pressure the β-scission of pentyl is by far the dominant production pathway,
R(7.19). R(7.19) is also the dominant production pathway for propylene, one of the major
products of pentane pyrolysis. Figure 7.17 shows that at elevated pressure the β-scission of
ethyl is relatively not as dominant as in the low pressure case, this would help explain why
less hydrogen and ethylene is produced and more ethane is produced.
CCCC.C(+M) → C2H5 + C=CC(+M) (7.19)
Figure 7.17: Rate of production analysis for ethyl production that occurs during n-pentane
pyrolysis at 0.1 MPa and 2 MPa at 1073 K
The final rate of production analysis is for methyl and is presented in Figure 7.18, this
figure illustrates that most methyl is being produced by the decomposition of alkyl radicals
R(7.14) and R(7.20).
CCC.CC(+M) → CH3 + C=CCC(+M) (7.20)
The methyl radicals then go on to generate methane and pentyl, R(7.3)-R(7.5).
The generation of alkyl radicals appears to be critical in the formation of olefins ethy-
lene, propylene and 1-butene. The alkyl radicals undergoing β-scission reactions are also
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Figure 7.18: Rate of production analysis for ethylene production that occurs during n-
pentane pyrolysis at 0.1 MPa and 2 MPa at 1073 K
responsible for the generation of methyl and ethyl. The buildup of olefins and alkyl radicals
leads to the formation of allylic radicals. Unlike alkyl radicals, allylic radicals are resonantly
stabilized and are not as reactive as their alkyl counterparts. Figure 7.19 shows that the
formation of larger dienyl species leads to the formation of cyclohexadiene and eventually
the formation of aromatics like benzene.
Figure 7.19: Pathway analysis for benzene produced during n-pentane pyrolysis
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7.4 Summary of n-pentane pyrolysis
In this section a presentation for n-pentane pyrolysis was presented. Conversion was
achieved in two ways, one by sweeping through residence time at a fixed temperature and
pressure and two by sweeping through temperature at a fixed residence time and pressure.
From this analysis it was shown that the product distribution was more dependent on pres-
sure because the data that was generated with temperature sweeps and the data that was
generated by sweeping through residence time data grouped according to pressure, even
though the residence time was different. One key observation from the experimental data
was that as (C3+) olefin production reached a maximum and began to taper off, benzene and
toluene ramped up in production. It was observed that an increase in pressure reduced the
production of ethylene, acetylene, hydrogen, propadiene and 1,3 butadiene. These species
have been identified as being important in the production of soot precursors like benzene
and toluene. At higher pressures the production of aromatics increased with pressure as
observed with the mol percent profiles of toluene and benzene. At elevated pressure more
n-pentane was converted to (C3+) alkenes.
The experimental results were then compared to several existing chemical kinetic mech-
anisms to gage how well they modeled the experimental data. The CSM mechanism best
described the formation of major products, for this reason it was used to further investigate
the chemical pathways that govern the pyrolysis process. The analysis highlighted that most
alkenes were generated through β-scission reactions, reactions which led to the formation
of more H-atoms and alkyl radicals. The analysis also showed that the formation of allylic
radicals led to larger dienes which in turn led to the formation of aromatics like benzene and
toluene.
The analysis conducted in this section could possibly be used as a roadmap in the reduc-
tion of chemical kinetic mechanisms which could be used to capture the major chemistry as




A thorough understanding of the chemistry that drives alkane pyrolysis is essential in
being able to apply strategies that utilize fossil fuels in the most efficient manner. This
understanding would facilitate the use of higher hydrocarbons in novel applications like
solid-oxide fuel cells or hypersonic vehicles. For this study n-hexane was studied a fixed
temperature of 1073 K and at 0.1, 0.3, 0.5 and 2 MPa; experiments were also done at 0.5
and 2 MPa at 923 K. For these experiments residence time was varied to push n-hexane
conversion. The experimental data was then analyzed to determine the impact of pressure
on the product selectivity of n-hexane pyrolysis. The experimental data was also compared
to several chemical kinetic models in order to gage the performance of the mechanisms on
the pyrolysis of n-hexane.
8.1 n-Hexane pyrolysis experimental data at 0.1, 0.3, 0.5 and 2 MPa
This section presents the results for n-hexane experiments that were carried out at a
nominal temperature of 1073 K and pressure of 0.1, 0.3, 0.5 and 2 MPa. For these experi-
ments n-hexane (Sigma-Aldrich,≥99%) was diluted in about 80% nitrogen (Airgas, 99.999%).
Conversion of the fuel was accomplished by adjusting the flow rate in the system and the
temperature profile. A summary of the heater configuration used for each flow condition is
included in the appendix in Figure A.5 and Figure A.6, also included is the experimental
data and the hydrogen and carbon balance which was within ± 3%. The temperature pro-
files for the different heater configurations are shown in Figure 8.1, the different temperature
profiles were produced by setting the heaters to 1073 K in different configurations.
The plot presented in Figure 8.2 shows how n-hexane conversion varies as a function of
residence time at 0.1, 0.3 and 2 MPa at 1073 K. At 0.1 MPa n-hexane conversion ranged
from 32-90% over a residence time from 20-90 ms. At 0.3 MPa n-hexane conversion ranged
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Figure 8.1: Temperature profiles used for n-hexane pyrolysis vs. axial position (cm)
from 4-98% over a residence time from 30 - 500 ms. At 2 MPa n-hexane conversion ranged
7-96% over a residence time from 200-700 ms. From this data set it appears that pressure
increases the time for n-hexane to convert to products.
The next set of plots shown in Figure 8.3 show the major products for n-hexane pyrolysis;
hydrogen, methane, ethane, ethylene, propylene and 1-butene. For all cases the major
product for hexane pyrolysis is ethylene. Hydrogen, ethane and ethylene are the species
which are most sensitive to pressure effects. At elevated pressure less hydrogen and ethylene
are produced; the inverse is true for ethane. Methane does not appear to have much of a
pressure sensitivity. Propylene and 1-butene increase in concentration at higher pressure,
these species also reach a maximum.
Figure 8.3, Figure 8.4 and Figure 8.5 show the minor species for n-hexane pyrolysis.
Propane and n-butane production appears to be particularly sensitive to pressure effects; at
elevated pressure these species increase in concentration, the inverse is true for propadiene
and acetylene in that at higher pressure the production of these species is reduced. In
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Figure 8.2: n-Hexane vs. residence time at 0.1, 0.3 and 2 MPa and 1073 K
addition to acetylene and propadiene being negatively affected by pressure so is 1,3 butadiene.
2-butene production increases at higher pressure, as do higher olefins like 1-pentene and
2-pentene. Cyclic species like cyclopropane, cyclobutane, cyclopentene and cyclopentadiene
were also quantified in this section; for these species there were no clearly identifiable trends.
The final plots in this section shown in Figure 8.6 are for toluene and benzene; at higher
conversion the mol percent of these species increase dramatically. For benzene and toluene
there was no clear pressure dependence.
8.2 Comparing experimental results for n-hexane pyrolysis to existing chemical
kinetic mechanisms at 1073 K and at 0.1 and 2 MPa
The experimental data was compared to several existing chemical kinetic mechanisms.
The following chemical kinetic mechanisms were used to analyze the experimental data.
• The Lawrence Livermore National Laboratory (LLNL) n-Heptane Detailed Mechanism,
Version 3.1. A description of the LLNL mechanism is given in the n-pentane pyrolysis
section.
• The Colorado School of Mines (CSM) mechanism. A description of the CSM mecha-
nism was given in the ethane pyrolysis section.
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Figure 8.3: Hydrogen, methane, ethane, propylene, ethylene and 1-butene generated during
hexane pyrolysis vs. n-hexane conversion at 1073 K and 0.1, 0.3, 0.5 and 2 MPa, from 20-500
ms
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Figure 8.4: Propane, n-butane, propadiene, acetylene, 2-butene and 1,3 butadiene generated
during n-hexane pyrolysis vs n-hexane conversion at 1073 K and 0.1, 0.3, 0.5 and 2 MPa,
from 20-500 ms
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Figure 8.5: Cyclopropane, cyclobutane, 1-pentene, 2-pentene, cyclopentene and cyclopenta-
diene generated during n-hexane pyrolysis vs n-hexane conversion at 1073 K and 0.1, 0.3,
0.5 and 2 MPa, from 20-500 ms
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Figure 8.6: Benzene and toluene generated during n-hexane pyrolysis vs n-hexane conversion
at 1073 K and 0.1, 0.3, 0.5 and 2 MPa, from 20-500 ms
• The JetSurf 2.0 mechanism. A description of the JetSurf 2.0 mechanism was given in
the ethane pyrolysis section.
At 0.1 MPa all mechanisms were able to model the data however at 2 MPa only the CSM
mechanism was consistently able to model the data. A comparison of the rate of n-hexane
conversion at 0.1 and 2 MPa at 1073 K to the models is presented in Figure 8.7. At low
pressure the CSM and JetSurF mechanisms predict very similar results; they consistently
over predict the mol percent of n-hexane vs. time, while the LLNL mechanism under pre-
dicts the experimental data. At 2 MPa the CSM mechanism consistently over predicts the
experimental data.
Figure 8.8 - Figure 8.11 focus on the comparison of the products of n-hexane pyrolysis
at 0.1 and 2 MPa and at 1073 K. Figure 8.9 compares the experimental results of methane,
propylene and 1-butene vs n-hexane conversion at 1073 K and 0.1 and 2 MPa to existing
chemical kinetic mechanisms. At 0.1 MPa all mechanisms do a fair job of predicting methane
and propylene trends, at this pressure the CSM mechanism best captures the trends observed
in 1-butene. At 2 MPa the CSM mechanism captures the trends observed in methane and
1-butene; it slightly under predicts propylene production.
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Figure 8.7: Comparison of experimental data to existing chemical kinetic mechanisms. n-
Hexane conversion vs residence time at 0.1 MPa and 2 MPa at 1073 K, from 20-500 ms
Figure 8.8 compares the experimental results of hydrogen, ethane and ethylene vs n-
hexane conversion at 1073 K and 0.1 and 2 MPa to the chemical kinetic models. At 0.1 MPa
the CSM model does best at predicting these three species, all mechanisms tested did well at
modeling ethylene. At 2 MPa the CSM mechanism over predicts hydrogen, under predicts
ethane and does a good job with the prediction of ethylene.
Figure 8.10 compares the results of the experimental data for propadiene, acetylene and
1,3 butadiene vs. n-hexane conversion at 1073 K and 0.1 and 2 MPa; at 0.1 MPa the LLNL
model predicts the observed experimental trends for these species the best. At 2 MPa the
CSM mechanism does a fair job with the prediction of the trends observed in propadiene
and 1,3 butadiene up to about 50% n-hexane conversion but consistently under predicts
acetylene. Figure 8.11 compares the experimental results of benzene and toluene to the
mechanisms. The LLNL model did not contain chemistry for aromatic hydrocarbon. At 0.1
MPa the models under predict the observed trends; however at 2 MPa the CSM mechanism
appears to do a fair job at modeling benzene and toluene production.
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Figure 8.8: Comparison of experimental data to several chemical kinetic mechanisms. Hy-
drogen, ethane and ethylene vs n-hexane conversion at 0.1 MPa and 2 MPa at 1073 K, from
20-500 ms
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Figure 8.9: Comparison of experimental data to several chemical kinetic mechanisms.
Methane, propylene and 1-butene vs n-hexane conversion at 0.1 MPa and 2 MPa at 1073 K,
from 20-500 ms
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Figure 8.10: Comparison of experimental data to several chemical kinetic mechanisms.
Propadiene, acetylene and 1,3 butadiene vs n-hexane conversion at 0.1 MPa and 2 MPa
at 1073 K, from 20-500 ms
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Figure 8.11: Comparison of experimental data to several chemical kinetic mechanisms. Ben-
zene and toluene vs n-hexane conversion at 0.1 MPa and 2 MPa at 1073 K, from 20-500
ms
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8.3 Analysis of chemical pathways that govern n-hexane decomposition and
formation of major products for n-hexane pyrolysis
This section uses a sensitivity and rate of production analysis to investigate the chemical
pathways that lead to the decomposition of n-hexane and the production of major products.
The sensitivity analysis for n-hexane conversion at 0.1 and 2 MPa and 1073 K is presented
Table 8.1; the cutoff for the sensitivity analysis was set to 0.1 and a double dash (- -)
indicates that the reaction is below the cutoff limit. At both pressures the sensitivity analysis
highlighted that the initial unimolecular decomposition of the fuel is important for n-hexane
pyrolysis, R(8.1) - R(8.3).
Table 8.1: Sensitivity coefficients for n-hexane pyrolysis at 0.1 MPa and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
C=CC + CH3 ↔ C=CC.+ CH4 0.23 - -
C=CC +H → C=CC.+H2 0.15 - -
C=CCC +H(+M) → C=CC.+ CH3 0.14 0.17
CCCCC.C ↔ CCC.+ C=CC 0.12 - -
CCCCC(+M) → C2H5 + CCCC.(+M) -0.54 -0.65
CCCCC(+M) ↔ 2CCC.(+M) -0.62 -0.74
CCCCCC + CH3 ↔ hexyl + CH4 -1.12 -2.39
CCCCCC +H ↔ hexyl +H2 -0.72 -1.03
C=CCC + CH3 → CC=CC + CH4 - - -0.25
CCCCCC + C2H3 ↔ CCCC.CC + C2H4 - - -0.20
C=CC.+ CH3(+M) ↔ C=CCC(+M) - - -0.31
C2H5 + C=CC → C2.CCC(+M) - - -0.20
Initiation
CCCCCC(+M) ↔ 2CCC.(+M) (8.1)
CCCCCC(+M) ↔ C2H5 + CCCC.(+M) (8.2)
CCCCCC(+M) ↔ CH3 + CCCCC.(+M) (8.3)
Also shown in the sensitivity analysis for n-hexane was that the conversion of n-hexane




CCCCCC +H ↔ CCCC.CC +H2 (8.4)
CCCCCC +H ↔ CCCCC.C +H2 (8.5)
CCCCCC +H ↔ CCCCCC.+H2 (8.6)
Abstractions by methyl
CCCCCC + CH3 ↔ CCCC.CC + CH4 (8.7)
CCCCCC + CH3 ↔ CCCCC.C + CH4 (8.8)
CCCCCC + CH3 ↔ CCCCCC.+ CH4 (8.9)
Figure 8.12 shows the net rate of production analysis for n-hexane at 0.1 and 2 MPa. It
was expected that the rate of conversion at 2 MPa compared to 0.1 MPa would be 20 times
higher. The integration on Figure 8.12 suggest that the rate is 20.8 times higher.
Figure 8.12: Net rate of production analysis for n-hexane at 0.1 MPa and 2 MPa at 1073 K
Figure 8.13 is a rate of production analysis for n-hexane that shows the major reactions
that govern the decomposition of n-hexane at 0.1 and 2 MPa and 1073 K. At both 0.1 and
2 MPa n-hexane is primarily being consumed by hydrogen abstractions involving methyl,
R(8.4) - R(8.6). At low pressure abstraction reactions by H-atoms are clearly the second
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most dominant, R(8.7) - R(8.9). However at 2 MPa abstractions reactions by H-atoms are
on the same order as abstractions by ethyl, R(8.10) - R(8.12), this is probably why at 2 MPa
more ethane and less hydrogen is produced.
Figure 8.13: Rate of production analysis for n-hexane at 0.1 MPa and 2 MPa at 1073 K
CCCCCC + C2H5 ↔ CCCC.CC + C2H6 (8.10)
CCCCCC + C2H5 ↔ CCCCC.C + C2H6 (8.11)
CCCCCC + C2H5 ↔ CCCCCC.+ C2H6 (8.12)
With hydrogen, ethane and ethylene being some of the largest products of n-hexane
pyrolysis and being particularly sensitive to pressure; a sensitivity and rate of production
analysis was also conducted in order to investigate the pathways that lead to the production
and consumption of these species. Table 8.2 presents the sensitivity analysis for hydrogen. At
0.1 MPa hydrogen production is by far most dependent on the β-scission of ethyl to H-atoms
and ethylene, R(8.13). At 2 MPa R(8.13) is not the most dominant reaction according to
the sensitivity analysis, instead reactions that generate alkyl radicals become increasingly
important.
H + C2H4(+M) ↔ C2H5(+M) (8.13)
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Table 8.2: Sensitivity coefficients for hydrogen produced during n-hexane pyrolysis at 0.1
MPa and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
H + C2H4(+M) ↔ C2H5(+M) 0.56 0.21
CCCCCC(+M) ↔ 2CCC.(+M) 0.23 0.26
CCCCCC(+M) ↔ C2H5 + CCCC.(+M) 0.22 0.23
CCCCCC + CH3 ↔ hexyl + CH4 0.34 0.21
CCCCC.C ↔ CCC.+ C=CC -0.23 -0.19
CH3 + C2H5(+M) → CCC(+M) -0.19 - -
CCCC.CC ↔ C2H5 + C=CCC - - -0.27
CCCCC.C ↔ H + CC=CCCC - - 0.21
CCCC.CC ↔ H + CCC=CCC - - 0.20
CCCC.CC ↔ H + CC=CCCC - - 0.19
CCCCCC + C2H5 ↔ hexyl + C2H6 - - 0.24
Figure 8.14 presents the rate of production analysis for hydrogen and H-atoms, this
analysis shows that at both pressures hydrogen is being produced by H-atoms abstracting
hydrogen from n-hexane, R(8.7) - R(8.9). Figure 8.14 shows that at 0.1 MPa H-atoms are
produced primarily from the β-scission of ethyl, R(8.13). At 2 MPa this reaction is still
dominant in the production of H-atoms, however at around a conversion level of about 90%,
R(8.13) goes from producing H-atoms to consuming them.
Table 8.3 presents the sensitivity analysis for ethylene. Similar to hydrogen, the produc-
tion of ethylene is most sensitive to R(8.13 at 0.1 MPa. At elevated pressure R(8.13 did
not appear in the sensitivity analysis, instead reactions that generate alkyl radicals become
increasingly important.
Figure 8.15 presents the rate of production analysis for ethyl, ethylene and ethane at 0.1
and 2 MPa; the analysis on these species was done to gain a thorough understanding of the
trends observed for ethane and ethylene. At 0.1 and 2 MPa ethyl is mostly consumed by
R(8.13). As was seen in the H-atom and ethylene rate of production analysis; at 2 MPa
and conversion levels above 90%, R(8.13) goes from consuming ethyl to producing it. At
both pressures ethylene is being primarily being produced by the β-scission of alkyl radicals,
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Figure 8.14: Rate of production analysis for hydrogen and H-atoms at 0.1 MPa and 2 MPa
at 1073 K
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Table 8.3: Sensitivity coefficients for ethylene produced during n-hexane pyrolysis at 0.1
MPa and 2 MPa at 1073 K
Reaction 0.1 MPa 2 MPa
H + C2H4(+M) ↔ C2H5(+M) 0.33 - -
CCCCCC(+M) ↔ 2CCC.(+M) 0.26 0.26
CCCCCC + CH3 ↔ hexyl + CH4 0.26 0.22
CCCCCC(+M) ↔ C2H5 + CCCC.(+M) 0.22 0.24
CCCC.CC ↔ C2H5 + C=CCC -0.12 -0.25
CH3 + C2H5(+M) → CCC(+M) -0.19 - -
CCCCC.C ↔ CCC.+ C=CC - - 0.22
CCCCCC + C2H5 ↔ hexyl + C2H6 - - 0.35
R(8.14) - R(8.16).
CCC.(+M) ↔ C2H4 + CH3(+M) (8.14)
CCCC.(+M) ↔ C2H4 + C2H5(+M) (8.15)
CCCCCC.+ C2H5 ↔ CCCC.+ C2H4 (8.16)
In addition to the β-scission of alkyl radicals leading to the production of ethylene, they
are also responsible for the production of olefins and methyl, which eventually lead to the
formation of methane. The increased production of olefins and the presence of H-atoms and
methyl eventually leads to the formation of allylic radicals, R(8.17) - R(8.19). The shift
from H-atoms and methyl to allylic radicals reduces the reactivity of the pyrolysis process.
The longer time it takes for n-hexane to decompose at elevated pressure allows for addition
reactions involving allylic radicals and leads to the eventual formation of aromatics like
benzene and toluene.
C=CC +H → C=CC.+H2 (8.17)
C=CC + CH3 ↔ C=CC.+ CH4 (8.18)
C=CCC + CH3 ↔ CC=CC.+ CH4 (8.19)
129
Figure 8.15: Rate of production analysis for ethyl, ethylene and ethane at 0.1 MPa and 2
MPa at 1073 K
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8.4 Comparing experimental data at 923 K and 1073 K
In addition to carrying out experiments at 1073 K, conditions were expanded to include
experiments at 923 K in order to assess the impact of temperature. The 923 K experiments
are compared to the 1073 K experiments at 0.5 and 2 MPa. The plots in Figure 8.16
compare the major species. For hydrogen there is more produced at 1073 K, the effect of
pressure appears to be stronger than the effect of temperature; ethane has inverse behavior
of hydrogen. For methane there appears to be no pressure or temperature dependence.
Ethylene and propylene also appear to be unaffected by pressure and temperature effects
until after about 50% n-hexane conversion
Figure 8.17 presents the data for some of the minor species of n-hexane pyrolysis at
923 and 1073 K. Propane and n-butane increase in concentration at higher pressure, these
species group together with pressure. Acetylene is the species which is most affected by
temperature effects, at 923 K very little is produced; to a lesser degree propadiene is also
sensitive to temperature effects. The majority of the remaining species in Figure 8.17 and
Figure 8.18 do not appear to be strongly influenced by temperature and pressure effects.
Figure 8.19 compares benzene and toluene at 923 and 1073 K. For both of these species
there is more produced at the lower temperature of 923 K and the reason for this could
be because at the 923 K n-hexane decomposition is slower allowing for chemistry involving
allylic radicals to become more important.
8.5 Summary of n-hexane experiments
In this section a presentation of n-hexane pyrolysis was given. Experiments were done
over a range of temperature, pressure and residence time. The experimental data was also
compared to several existing chemical kinetic mechanisms in order to assess the validity over
the process under the conditions tested. The CSM mechanism was the only one of the 3
tested that could run stable at 2 MPa; additionally the CSM mechanism did remarkably well
at modeling the data at low pressure. Based on the ability of the CSM mechanism to predict
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Figure 8.16: Comparison of experimental data to at 923 and 1073 K and at 0.5 and 2 MPa.
Hydrogen, methane, ethane, propylene, ethylene and 1-butene vs n-hexane conversion
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Figure 8.17: Comparison of experimental data to at 923 and 1073 K and at 0.5 and 2
MPa. Propane, n-butane, propadiene, acetylene, 2-butene and 1,3 butadiene vs n-hexane
conversion
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Figure 8.18: Comparison of experimental data to at 923 and 1073 K and at 0.5 and 2
MPa. Cyclopropane, cyclobutane, 1-pentene, 2-pentene, cyclopentene and cyclopentadiene
vs n-hexane conversion
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Figure 8.19: Comparison of experimental data to at 923 and 1073 K and at 0.5 and 2 MPa.
Benzene and toluene vs n-hexane conversion
the experimental data, it was selected to investigate the major chemistry governing n-hexane
decomposition, formation of the major products and aromatics. This analysis showed that
similar to ethane and n-pentane pyrolysis, the pressure dependence appears to be largely
dependent on the β-scission of ethyl, R(8.13). For this reason more ethane is observed at
higher pressure and at the same time less hydrogen is produced, since it was shown that
R(8.13) is the main source of H-atom production. It is expected that R(8.13) would be
reduced at elevated pressure because it is unimolecular and as pressure increases the rate
increase proportionally, whereas bimolecular reactions involving ethyl increase proportional




There are several groups that have studied the pyrolysis of n-heptane [51–57]. There are
several applications that could benefit from a better understanding of n-heptane pyrolysis.
n-Heptane could be used as feedstock to produce light olefins like ethylene and propylene.
Additionally a fundamental understanding of n-heptane pyrolysis could provide useful data
for the development of endothermic fuel crackers that could be used in hypersonic flight to
cool critical components. Also since n-heptane blended with iso-octane is often used as a sur-
rogate for modeling real fuels, it is important to understand the pyrolytic gas phase-behavior
in order to design a proper pyrolysis sub-mechanism for modeling combustion of real fuels.
n-Heptane was added to this study to investigate if the trends observed for ethane, n-pentane
and n-hexane pyrolysis extended to n-heptane. Based on the observations made for ethane,
n-pentane and n-hexane pyrolysis it was expected that hydrogen, ethylene, acetylene and
1,3 butadiene would be negatively affected by pressure and that ethane, propane, n-butane,
benzene and toluene are favored at elevated pressure.
9.1 n-Heptane experiments at 0.1, 0.5 and 1.0 MPa at 1073 K
Experiments were done in the VPFR at a nominal temperature of 1073 K with n-heptane
(99%, Sigma Aldrich) diluted in 80% nitrogen over a pressure range from 0.1 - 1.0 MPa.
Figure 9.1 presents the results for the major products of n-heptane pyrolysis. As expected
hydrogen, ethylene, acetylene and 1,3 butadiene are all negatively affected by pressure,
while the opposite is true for ethane, propane and n-butane. Methane is also one of the
major products and similar to n-pentane and n-hexane; n-heptane appears to be minimally
impacted by pressure. The next set of data presented in Figure 9.2 is for propylene, 1-butene,
benzene and toluene. Similar to n-pentane and n-hexane pyrolysis propylene and 1-butene,
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show similar trends in that these species reach a maximum and then drastically taper off.
Benzene and toluene mol percent increases at higher pressure.
9.2 Comparing experimental data to existing chemical kinetic mechanisms for
n-heptane pyrolysis.
The experimental data was compared to several existing chemical kinetic mechanisms.
• The Lawrence Livermore National Laboratory (LLNL) n-Heptane Detailed Mechanism,
Version 3.1. A description of the LLNL mechanism is given in the n-pentane pyrolysis
section.
• The Colorado School of Mines (CSM) mechanism. A description of the CSM mechan-
sim was given in the ethane pyrolysis section.
• The JetSurf 2.0 mechanism. A description of the JetSurf 2.0 mechanism was given in
the ethane pyrolysis section.
Figure 9.3 compares the models against the experimental data for hydrogen, ethane,
ethylene, acetylene and 1,3 butadiene. All mechanisms tested over predict hydrogen but the
JetSurf mechanism over predicts by much more than the other two. This over prediction is
probably what leads to the JetSurf mechanism severely under predicting ethane while the
CSM mechanism does a good job across the three pressures. For ethylene all the mechanisms
predict the experimental data well but the CSM does the best. The LLNL mechanism does
the best at predicting acetylene; however all mechanisms under predict this species.
Figure 9.4 compares the results for methane, propylene, 1-butene, benzene and toluene.
For methane the models all do a good job of predicting experimental trends. For propylene
the LLNL mechanism consistently over predicts the experimental data; while the CSM and
JetSurf mechanism under predict this species. The JetSurf mechanism did best at predicting
1-butene at lower levels of n-heptane conversion. Unlike all the other alkanes tested the CSM
mechanism did not do as good a job of predicting the formation of aromatics benzene and
toluene for n-heptane.
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Figure 9.1: Major products for n-heptane pyrolysis at 1073 K and at 0.1, 0.5 and 1 MPa vs.
n-heptane conversion. Over a residence time from 15-500 ms
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Figure 9.2: Benzene and toluene produced during n-heptane pyrolysis at 1073 K and at 0.1,
0.5 and 1 MPa vs. n-heptane conversion. Over a residence time from 15-500 ms
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Figure 9.3: Benzene and toluene produced during n-heptane pyrolysis at 1073 K and at 0.1,
0.5 and 1 MPa vs. n-heptane conversion.
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Figure 9.4: Benzene and toluene produced during n-heptane pyrolysis at 1073 K and at 0.1,
0.5 and 1 MPa vs. n-heptane conversion.
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9.3 Summary of n-Heptane experiments
In this section a presentation was given for n-heptane pyrolysis carried out in the VPFR
at 1073 K and 0.1, 0.5 and 1.0 MPa. The CSM model was recently expanded to include
n-heptane, for most of the species presented the CSM model best modeled the selectivity
data; however it under predicted the aromatics benzene and toluene.
A key difference from the other alkanes tested was that the levels of toluene and benzene
were much closer; this could indicate that for n-heptane pyrolysis there are more accessible
reaction pathways for the production of toluene than for ethane, n-pentane and n-hexane
pyrolysis. Similar to other alkanes tested an increase in pressure led to the production of
more ethane and less hydrogen. Because n-heptane pyrolysis is so similar to n-pentane
and n-hexane pyrolysis it can be deduced that the major chemistry for these alkanes is
very similar. The similarity in the major chemistry governing alkane pyrolysis is one of




SUMMARY OF ALKANE EXPERIMENTS
In this work an experimental and modeling analysis was carried out for ethane, n-pentane,
n-hexane and n-heptane over a temperature range from 923-1073 K and over a range of pres-
sure. A major observation was that increases in pressure led to longer time for the alkanes
tested to convert to products. The decrease appears to be centered on the pressure depen-
dency of ethyl. Alkane decomposition is controlled by radicals propagating chain reactions;
the radical pool consists mainly of H-atoms, methyl, ethyl and propyl radicals. Methyl, ethyl
and propyl radicals are initially generated via decomposition reactions like the following.
Ethane
C2H6 → 2CH3 (10.1)
n-Pentane
CCCCC → CCC.+ C2H5 (10.2)
CCCCC → CCCC.+ CH3 (10.3)
n-Hexane
CCCCCC → 2CCC. (10.4)
CCCCCC → CCCC.+ C2H5 (10.5)
CCCCCC → CCCCC.+ CH3 (10.6)
n-Heptane
CCCCCCC → CCC.+ CCCC. (10.7)
CCCCCCC → CCCCC.+ C2H5 (10.8)
CCCCCCC → CCCCCC.+ CH3 (10.9)
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The methyl, ethyl and propyl radicals that initiate the pyrolysis process go on to abstract
from the parent alkane to form alkyl radicals.
Ethane
C2H6 + CH3 ↔ C2H5 + CH4 (10.10)
n-Pentane
CCCCC + CH3 ↔ pentyl + CH4 (10.11)
n-Hexane
CCCCCC + CH3 ↔ hexyl + CH4 (10.12)
n-Heptane
CCCCCCC + CH3 ↔ heptyl + CH4 (10.13)
For ethane pyrolysis the formation of ethyl leads to the production of ethylene and
H-atoms, the generated H-atoms then go on to decompose ethane and form more ethyl
which assists in sustaining the chain reactions driving ethane pyrolysis. The β-scission of
ethyl is unique when compared to the β-scission of higher alkyl radicals in that instead of
forming olefins and additional alkyl radicals, it forms an olefin and an H-atom. R(10.14)
was shown to be the primary source of H-atoms.
C2H5(+M) ↔ C2H4 +H(+M) (10.14)
C2H6 +H ↔ C2H5 +H2 (10.15)
It was observed that at elevated pressure R(10.14) was inhibited. A couple of reasons why
it is inhibited is because it is a unimolecular reaction and the reaction reaches its rate high
pressure limit at relatively low pressure. Unimolecular reactions increase proportional to the
pressure, while bimolecular reactions increase proportional to the pressure squared. Because
R(10.14) is so important for ethane pyrolysis pressure effects were most significant for this
alkane and ethylene and hydrogen were affected by pressure proportionally. For the other
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alkanes tested, hydrogen was more affected by pressure than ethylene, the reason for this was
found to be that for n-pentane, n-hexane and n-heptane pyrolysis there are multiple routes
that lead to the production of ethylene; these routes consist of alkyl radicals undergoing
β-scissions to produce olefins and lower alkyl radicals. Since H-atoms are primarily produced
by R(10.14) and this reaction is inhibited at higher pressure it is understandable that there
is less hydrogen produced. Instead of ethyl undergoing β-scission, it shifts to bimolecular
reactions like, R(10.16) - R(10.19).
C2H5 + C2H4 ↔ CCCC. (10.16)
C2H5 + CCCCC ↔ pentyl + C2H6 (10.17)
C2H5 + CCCCCC ↔ hexyl + C2H6 (10.18)
C2H5 + CCCCCCC ↔ heptyl + C2H6 (10.19)
The shift from ethyl undergoing β-scission reactions to carrying hydrogen abstractions at
higher pressure explains why more ethane was produced at elevated pressure for n-pentane,
n-hexane and n-heptane. The shift led to an increase in alkyl radicals at higher pressure
which also led to an increase in olefins, since the primary source for olefin production came
from the β-scission of C3+ alkyl radicals, R(10.20).
alkyl ↔ olefin + lower alkyl (10.20)
A large focus of this work was to determine the pathways that lead to soot precursors like
benzene and toluene. Benzene and toluene appeared to be linked to the production of C3+
olefins at elevated pressure. At higher pressure there was an increase in the production of C3+
olefins, the increase led to an increase in allylic radicals. Addition reactions involving allylic
radicals led larger chained dienes, these larger dienes undergo cyclization to form species like
1,3 cyclohexadiene and 1,4 cyclohexadiene. The aromatics benzene and toluene were shown
to be generated in large part due to the β-scission of cyclic species like cyclohexadienyl, a
reaction scheme is given, R(10.21) - R(10.25).
Pathway to benzene via allylic radicals
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C∗CC.+ C∗CCC.(+M) ↔ C∗CCCC∗CC(+M) (10.21)
C∗CCCC∗CC + CH3 ↔ CC
∗CCC∗CC.+ CH4 (10.22)
CC∗CCC∗CC. ↔ 1, 4CY CLOHEXADIENE + CH3 (10.23)
1, 4CY CLOHEXADIENE + CH3 ↔ CY C6H7 + CH4 (10.24)
CY C6H7 ↔ BENZENE +H (10.25)
The CSM mechanism best captured the experimental trends observed for benzene and
toluene produced during ethane, n-pentane and n-hexane pyrolysis; while for n-heptane the
model captured the trends but was far below the actual mol percent. One feature that was
not captured by any of the mechanisms was that for n-hexane and n-heptane pyrolysis there
was an early increase in benzene and toluene followed by a decrease and then a large increase.
146
CHAPTER 11
CONCLUSIONS AND FUTURE WORK
A design for a variable pressure flow reactor capable of achieving high pressures was pre-
sented. Reactor operation was validated against existing literature data for ethane pyrolysis
with good agreement. Next a presentation of experimental data on ethane, n-pentane, n-
hexane and n-heptane pyrolysis over a range of conditions was presented and compared with
existing chemical kinetic models. For ethane pyrolysis the mechanisms successfully mod-
eled decomposition as a function of time and the formation of the major products one large
discrepancy that was observed was that at elevated pressure ethylene was consistently over
predicted by all the mechanisms tested. For the other alkanes tested the general trend was
the models over predicted the mol percent vs. time; which means that the decomposition
rates were too high. Through experiments it was observed that as olefin (C3+) production
reached a maximum and began to taper off, a larger portion of the alkanes tested were con-
verted to benzene and toluene. It was observed that an increase in pressure reduced the
production of ethylene, acetylene, hydrogen, propadiene and 1, 3 butadiene. These species
have been identified as being important in the development of molecular weight growth,
specifically aromatics. At higher pressures the level of parent fuel being converted to molec-
ular weight growth products increased as observed with the mol percent profiles of toluene
and benzene. The (C3+) alkenes also had a higher observed mol percent at higher pressure.
A sensitivity analysis revealed that ethane, n-pentane and n-hexane pyrolysis was sensitive
to only a few reactions. The most sensitive reaction by far was the initial thermal decom-
position of the alkane tested; which for ethane led to methyl radicals and for the higher
alkanes led to methyl, ethyl, propyl and butyl. The analysis highlighted that most alkenes
were generated through β-scission reactions which led to the formation of H-atoms, alkyl
radicals and the majority of the olefins produced. In the experiments it was observed that
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the alkenes reached a maximum, this occurred when the parent fuel reached higher levels of
conversion, greater than 40%. The H-atoms, methyl, ethyl at this point appeared to continue
carrying out hydrogen abstractions from the alkenes as a more favorable path compared to
abstracting from parent fuel. This would explain the decrease of alkenes at higher levels
of conversion as well as the reduced rate of alkane conversion as parent fuel conversion ap-
proaches higher levels. The experiments carried out in this study hint at the possibility that
allylic radicals are key intermediates in the formation of molecular weight growth products.
At elevated pressure it was observed that it took a longer time for the alkanes tested to
decompose into products. The reason behind this trend was not that the rate was slower
at higher pressure. The decrease was attributed to the increased concentration at higher
pressure; this effectively changed the amount of fuel in the system. In actuality the rate at
elevated pressure was shown to be significantly higher. This is a key observation because a
significant difference at elevated pressure was the presence of more aromatics; so at elevated
pressure the increase in concentration of the parent fuel will also result in the same relative
increase in the concentration of the aromatics. This increased concentration will surely lead
to an increase in coking. A significant result of this thesis is generation of a set of pressure
dependent data for a series of alkanes that serve as an important validation metric to test
the pressure dependence predictions of various mechanisms.
A major thrust of this thesis was to identify the regimes at which aromatics form for
alkane pyrolysis. With this knowledge it is possible to identify under which time scales a
process can run at without leading to deleterious coke deposits. As alkane chain length
increases the time at which aromatics are formed gets shorter; this means that if higher
alkanes are to be used in applications like solid-oxide fuel cells and space cooling there may
be a limit on chain length if large amounts of coking are to be avoided.
Future work in this area should extend into operating at higher temperatures to study
how pressure affects MWG kinetics at higher temperature. The system designed in this
work has the capability of attaining temperatures up to 1373 K and could be used to carry
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out this future work. All of the alkanes studied in this thesis were straight chained; an
investigation should also be done on branched alkanes to determine what effect pressure has
on the behavior of these fuels. Additionally the system should be expanded to include the
measurement of larger aromatic species like naphthalene, ethylbenzene and xylene; since
these species were predicted to be important by the models.
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APPENDIX A - ETHANE, N-PENTANE AND N-HEXANE DATA WITH CARBON
AND HYDROGEN BALANCE
In this section a summary of the experimental data for ethane, n-pentane and n-hexane
is given.
Figure A.1: Inlet composition and product distribution with carbon and hydrogen balance
for ethane pyrolysis at 0.1 MPa and 1073 K
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Figure A.2: Inlet composition and product distribution with carbon and hydrogen balance
for ethane pyrolysis at 2 MPa and 1073 K
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Figure A.3: Inlet composition and product distribution with carbon and hydrogen balance
for n-pentane pyrolysis at 0.1 MPa and 1073 K
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Figure A.4: Inlet composition and product distribution with carbon and hydrogen balance
for n-pentane pyrolysis at 2 MPa and 1073 K
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Figure A.5: Inlet composition and product distribution with carbon and hydrogen balance
for n-hexane pyrolysis at 0.3 MPa and 1073 K
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Figure A.6: Inlet composition and product distribution with carbon and hydrogen balance
for n-hexane pyrolysis at 2 MPa and 1073 K
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APPENDIX B - OPERATING PROCEDURE
In this section a detailed procedure for operating the variable pressure flow reactor is
presented. The section is divided into two portions, the start-up procedure and the sampling
procedure.
B.1 Start-up procedure
Before beginning any testing a bake-out procedure must be induced for both the TCD
and FID. This bake-out procedure can be located within the chemstation GUI under the
folder icon. Before running these programs the level of the gases, as indicated by the pressure
gages on the gases should be recorded. If the level is less than 500 psi, new cylinders should
promptly be ordered. Initiate the LabVIEW program for monitoring temperatures and
pressures. Next step is to establish a flow condition within the reactor. Follow piping to
ensure the flow path is the desired one. Initially the flow should go to the exhaust. This
means that the sampling line should be closed off during initial flow. Next the lines delivering
the gases should be inspected. The initial flow should consist of pure nitrogen; it will be
used to ensure that the lines are at an adequate temperature once the heater system is on.
The flow for the gases is controlled using a bank of Bronkhorst mass flow controllers. These
mass flow controllers are controlled via serial interface through Bronkhorst software DDE
software. Before opening cylinders the pressure regulators should be at the lowest setting
and valves should be closed. Next the back pressure regulators should be set to the lowest
setting. Set flow to 5 SLPM on Bronkhorst software. Once flow is set the pressure should
be raised until the flow is stabilized. Next the inlet, exhaust and sampling lines need to be
heated. There are two types of heaters not including the reactor heaters. One set is the
heating tape controlled by a proportional controller and the other a heating cable that is
controlled through PID control. Ensure that all proportional heaters are plugged in and they
are set to 50% power. The pre-heater is controlled using the PID Athena controller located
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on the south facing wall of the lab. Before flipping the on switch, verify that the cable is
unplugged. The cable is on the table and has a red piece of tape. Flip the power controller
on and switch to standby mode by holding the restart button and scrolling to setting. Next
plug in red band cable to drop down cable with same marking. Set pre heat to the desired
setting using scroll keys and then hold down restart key and scroll to auto tune and hit the
restart key to initiate PID control. If running experiments with liquid fuels it is necessary
to ensure proper pump operation. Pump should first be primed. To prime pump, a syringe
with a luer lock should be attached to the prime line and drawn on until fluid appears. If
fluid does not appear or syringe gets pulled back there may exist a blockage in pre filter.
To clear this obstruction the inlet line must be unscrewed by hand, next using a 1
2
” wrench
the pre filter should be removed and purged with compressed air. Once pump is primed the
system is ready to deliver fuel. After bake-out GC systems must be switched to sampling
procedures. The next step is to initiate the feed of the fuel. If the fuel is gaseous use the
same procedure for setting the flow rate as on the N2 MFC. For liquid fuels the desired flow
rate should be set on the pump. The next step is to raise the pressure upstream of the MFCs
using the gas cylinder pressure regulator. This should be done in increments of 40 psi. The
reactor pressure is raised using the back pressure regulator; this regulator should be adjusted
after gas cylinder regulator. At each adjustment the back pressure regulator should only be
adjusted so that it does not restrict flow. The procedure for raising the pressure should be
followed until the desired flow condition is achieved.
B.2 Sampling procedure
Reactor heaters are controlled by a bank of PID controllers. These controllers are located
on the north side of the table. For a test the heaters should be set to the test temperature.
The sampling procedure should be loaded for both the TCD and FID. Sampling lines should
be purged with nitrogen to maintain an inert atmosphere prior to priming with sample.
Once experiment reaches steady state reaches a steady state and the press pre run prompt
appears on the chemstation GUI. The pre run button should be pressed on each GC and the
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valves should be aligned to allow flow into GC. These lines should be pressurized to 20 psi
and should remain in this state for 30 seconds or more. Next the sampling valve should be
switched off and the run button should be pressed on both GCs.
B.3 Shutdown procedure
After running the last sample the system should initiate the shutdown sequence. Nitrogen
should continue to purge system for at least 5 minutes. Ensure that all PID controllers are
off and unplugged. All 3 tape heaters should have their proportional control set to 0%.
After 5 minute purge the cylinders should be closed in the following sequence. While mass
flow controllers are still running the valve on the bottle should be shut and the remaining
pressure should be purged by the mass flow controllers. Once the pressure reaches its lowest
point the regulator on the gas cylinder should be opened all the way to ensure that it is at
its lowest setting. If liquid fuel was being used any remaining fuel should be disposed in
the EHS containers. Finally the GC shutdown sequences should be initiated and the valve
heaters should be turned to the off position.
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